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ABSTRACT

Effect of high-intensity ultrasound on bubble dynamics, oxidation, and crystallization
behavior of fats
by
Juhee Lee, Doctor of Philosophy
Utah State University, 2021

Major professor: Dr. Silvana Martini
Department: Nutrition, Dietetics, and Food sciences

High-Intensity Ultrasound (HIU) has been used as an additional tool to change
the physical properties of lipids. The objective of this research was to evaluate the effect
of HIU on bubble dynamics, oxidation stability, and crystallization behavior of various
fats relevant for the food industry. Bubble dynamics was measured for an interesterified
soybean oil (IESBO), oxidation was measured in soybean oil (SBO) and in structured
lipids (SLs), and the crystallization behavior and physical properties were measured in
an IESBO, in an all-purpose shortening (APS) during storage for 6 months and in SLs.
The degree of oxidation and oxidative stability were measured using peroxide value
(PV) and the oil stability index (OSI) while physical properties of the crystallized fats
measured included solid fat content (SFC), melting behavior, crystal microstructure,
viscoelasticity, and hardness. Various conditions of HIU were applied to SBO to
determine which conditions provided changes in oxidative degradation. Sonicated and
non-sonicated IESBO and APS were stored up to 6 months at 25 °C and 5 °C after 60
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min of crystallization to evaluate changes in physical properties during storage.
Moreover, bubble dynamic/cavitation experiments were performed to understand the
relationship among bubble dynamic, crystallization behavior and physical properties of
sonicated IESBO and non-sonicated IESBO. Results showed that HIU generated
smaller and uniformly sized crystals, harder and more elastic materials, and higher SFC
in IESBO, APS, and SLs. Sonicated lipids maintained their physical properties during
storage while physical properties of non-sonicated lipids either increased or decreased
during storage, suggesting a faster crystallization rate in the sonicated samples. No
evidence of oxidative deterioration was observed after the sonication process.
Moreover, the periodicity of the cluster formed during sonication was not affected by
crystallization temperature indicating that changes in physical properties of the
sonicated lipids is not directly driven by changes in the cluster at different
crystallization temperature. These results suggest that HIU may be used as a potential
processing tool to improve the physical properties of the edible lipids without affecting
oxidation stability.

(228 pages)
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PUBLIC ABSTRACT

Effect of high-intensity ultrasound on bubble dynamics, oxidation, and crystallization
behavior of fats
Juhee Lee

Partially hydrogenated oils (PHOs) provide desired texture, stability, and
extended shelf life in food products. These types of lipids have been commonly used in
food industry. However, the Food and Drug Administration (FDA) decided to remove
generally recognized as safe (GRAS) status of PHOs in 2015 due to the association
between PHOs and coronary heart disease (CHD), type 2 diabetes and other metabolic
diseases. Hence, it is necessary to find alternative new healthy lipids or novel
processing conditions that can be used to replace the functionality of PHO. Among the
processing methods to be used in alternative PHOs fats, high-intensity ultrasound (HIU)
has been studied to change physical properties of several lipids, including palm kernel
oil (PKO), palm oil, cocoa butter, and anhydrous milk fat (AMF) in out laboratory.
However, application of HIU is associated with generating high energy (temperature,
pressure, etc.) into the samples and oxidation in lipids has been a concern among
researchers using HIU.
Moreover, long-term storage effects of sonicated lipids have not been evaluated
yet, and more studies are required to use of HIU on various edible lipids. Therefore, in
this study, HIU was used to change the physical properties of interesterified soybean

vi

oil (IESBO), all-purpose shortening (APS), and fish oil with low contents of saturated
fatty acids (structure lipids, SLs). The result from this research indicated that the
application of HIU increased hardness, elasticity, and solid fat content in the sonicated
lipids without affecting oxidative stability of the samples. In addition, this research
showed that changes in physical properties obtained from sonication did not change
during storage. During sonication, bubbles are formed in the system, and although these
bubbles are responsible for changes in the physical properties, this research has shown
that these bubble events are not the only factors that affect the crystallization behavior
of fats. Overall, this research shows that HIU can be used as potential processing tool
to develop alternative PHOs.
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CHAPTER I

INTRODUCTION

Lipids are essential components in foods since they play a significant role in
carrying vitamins and essential fatty acids and providing excellent energy sources.
Lipids also provide various physical and functional properties to foods such as
spreadability, stability, texture, flavor, and mouthfeel (Wagh et al., 2016; Rios et al.,
2014). Over the past few decades, there has been an increased interest in developing
healthy lipids that have reduced amounts of saturated fatty acids (SFAs) without
containing partially hydrogenated oils (PHOs). PHOs have been used in food industries
for several decades because they provide desired physical and functional properties to
foods; therefore, it has been used in various application in foods. However, the
consumption of PHOs is negatively associated with human health, including coronary
heart disease, inflammation, and increased body weight (Zaloga et al., 2006; Lemaitre
et al., 2002; Martins et al., 2020); hence, the Food and Drug Administration (FDA)
decided to remove the Generally Recognized as Safe (GRAS) status of PHOs (FDA,
2015). As a consequence of the change, it is necessary to eliminate unhealthy lipids that
contain PHOs in food products. However, SFAs and PHOs are the primary sources that
impart physical and functional properties to lipids, it has been challenging to develop
healthy alternative lipids with low levels of SFAs and without PHOs while desired
sensorial and textural attributes (Martins et al., 2020). Hence, various processing and
chemical modifications, including interesterification and sonication, have been
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explored in the food industry to control crystallization behavior and attain these desired
properties in healthy lipids (Wagh et al.,2016; Vieira et al., 2015).
High-intensity ultrasound (HIU) has been used to induce crystallization of
organic and inorganic molecules (sonocrystallization) as an emulsification tool for
surface cleaning, freezing, viscosity modification, and defoaming (Martini, 2013;
Kentish and Feng, 2014). In particular, lipid sonocrystallization has been studied for
more than 10 years in our laboratory, and has shown that the technique can be used to
induce nucleation and the crystallization rate of lipids (Lee et al., 2018; Silva et al.,
2017), generate harder and more elastic crystalline materials characterized by small and
uniform crystals (Lee et al., 2020; Kadamne et al., 2018; Ye and Martini, 2014; Ye et
al., 2014; Wagh et al., 2013; Martini et al., 2012; Suzuki et al., 2010; Martini et al.,
2008), improve oil-binding capacity (da Silva et al., 2020) and delay phase separation
(Jana and Martini, 2014). Because the functional properties of lipids are associated with
crystallization properties, HIU seems to be an appropriate additional processing
technique to change various physical properties in lipids (Birkin et al., 2017; Lee et al.,
2018). However, only few studies have been performed to evaluate the effect of HIU
on the physical properties of lipids during short-term storage (Gregersen et al., 2019;
Frydenberg et al., 2013), and no studies have evaluated if changes generated due to
sonication of edible lipids are maintained during various storage conditions (long-term
storage, temperature).
During the application of HIU (sonication), cavities or bubbles are generated.
The generated bubbles can either be stable or oscillate and collapse during sonication
(Martini et al., 2012). The phenomena associated with the growth and collapse of the
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cavities or bubbles can be responsible for the change observed in the physicochemical
properties of lipids (Silva et al., 2017). Even though HIU can be used as a potential
processing tool to change physical properties in lipids without changing the chemical
composition, the use of HIU is still a controversial issue since the bubble collapse is
associated with generating high shear forces, high local temperatures, and pressure
(Silva et al., 2017; Terefe et al., 2016), suggesting that the resultant of bubble collapse
might cause lipid oxidation (Chemat et al., 2004; Hosseini et al., 2015).
Therefore, the processes of cavitation and bubble dynamics in sonicated lipids
must be evaluated in detail since most of these types of studies have been performed in
aqueous systems and not in oil systems (Birkin et al., 2017). Understanding bubble
dynamics in lipids might help explain the effect that HIU has on lipid crystallization.
The overall goal of this research was to evaluate the effect of HIU on bubble dynamics,
oxidation, and physical properties of edible fats and evaluate if changes generated due
to sonication are maintained during the storage of the sample.
Hypothesis
High-intensity ultrasound affects bubble dynamics, crystallization behavior,
and physical properties of edible fats but does not affect their oxidative stability. In
addition, changes observed due to sonication are maintained during storage.
Objectives
1. Evaluate the effect of HIU on oxidative stability of soybean oil using various
sonication process parameters.
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a. Evaluate various sonication conditions: 1) sample weight (5, 100, and 250
g), 2) power level (setting 1, 5, and 9), 3) HIU tip diameter (12.7, 3.2, and 2
mm), and 4) pulse duration (5, 10, and 60 s)
b. Measure the oxidative stability of sonicated soybean oil using peroxide
value, Rancimat, and headspace-solid phase microextraction gas
chromatography-mass spectrometry (HS-SPME/GC-MS).
2. Evaluate crystallization behavior and oxidative stability in sonicated healthy
fats with low levels of saturated fatty acids and high levels of omega-3 fatty
acids.
a. Evaluate the effect of sonication conditions (power level and pulse
duration) and crystallization temperature.
b. Determine the physical properties of sonicated and non-sonicated samples
and oxidative stability.
3. Evaluate the effect of storage time on the physical properties of sonicated allpurpose shortening (APS) with an intermediate content of saturated fatty
acids.
a. Evaluate the physical properties of sonicated and non-sonicated APS using
solid fat content (SFC), crystal microstructure, melting behavior,
rheological properties, and hardness after 60 min of crystallization and
when it has been stored at 25 °C and 5 °C up to 6 months.
4. Measure bubble dynamics and crystallization behavior in sonicated
interesterified soybean oil (IESBO) with low levels of saturated fatty acids
a. Evaluate the physical properties of sonicated and non-sonicated IESBO
using solid fat content (SFC), crystal microstructure, thermal behavior,
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elasticity, and hardness after 60 min of crystallization and after storage at
25 °C for up to 6 months.
b. Characterize bubble dynamic/cavitation events during the sonication
process to determine if the events are associated with changes in physical
properties in the IESBO.
References
Birkin, P.R., Foley, T. M., Truscott, T. T., Merritt, A., & Martini, S. (2017). Cavitation
clusters in lipid systems–surface effects, local heating and streamer formation,
Physical Chemistry Chemical Physics, 19: 6785-6791.
Chemat, F., Grondin, I., Costes, P., Moutoussamy, L., Sing, A. S. C., & Smadja, J.
(2004). High power ultrasound effects on lipid oxidation of refined sunflower
oil, Ultrasonics Sonochemistry, 11: 281-285.
FDA. (n.d.). Final Determination Regarding Partially Hydrogenated Oils. U.S. Food
and

Drug

Administration.

https://www.fda.gov/food/food-additives-

petitions/final-determination-regarding-partially-hydrogenated-oils-removingtrans-fat.
Hosseini, S., Gharachorloo, M., Tarzi, B. G., Ghavami, M., & Bakhoda, H. (2015).
Effects of ultrasound amplitude on the physicochemical properties of some
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CHAPTER 2

LITERATURE REVIEW

High-intensity ultrasound (HIU)
The term ultrasound is used to characterize a wide range of elastic sound waves
with frequencies from 20 kHz to about 109 kHz, which correspond to wavelengths in
the range of centimeters to nanometers (Villamiel et al., 2017). Ultrasound techniques
can be classified into three main categories depending on the frequency used: diagnostic
ultrasound, high-frequency ultrasound, and high-intensity ultrasound (HIU) or power
ultrasound. Diagnostic ultrasound operates between 1 and 10MHz of frequencies, and
high-frequency ultrasound performs between 100kHz and 1MHz of frequencies (Wagh
et al., 2016). These techniques are non-invasive and non-destructive since they use low
intensities or power, and no physicochemical changes to the materials are generated
during the operation (Martini, 2013). Hence, these techniques are used in medical
diagnostics to detect material defects (Martini et al., 2012) and to monitor
physicochemical changes in materials (Martini et al., 2005b, 2005a, 2005c; Suzuki et
al., 2010).
HIU uses frequencies between 20 and 100kHz and power levels in the range of
10-1,000 W cm-2, resulting in a destructive and invasive technique that may generate
physicochemical changes to materials (Villamiel et al., 2017; Martini et al., 2012;
Chandrapala and Leong, 2015). Several studies have been conducted to evaluate the
effect of HIU in different food components such as ice, lactose, starch, and lipids to
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generate physicochemical changes in these systems (Martini, 2013). For instance, with
HIU, the time taken from crystallization initiation to complete freezing (the dwell time)
can be shortened, reducing cellular damage of foods such as meats, fruits, and
vegetables (Patist and Bates, 2008). HIU is widely used in the food industry as an
application of emulsification/homogenization, extraction, defoaming, inactivation of
enzymes, induction of chemical reactions, viscosity modification, and crystallization
(Martini et al., 2012; Chemat et al., 2004; Patist and Bates, 2008; Ashokkumar, 2011;
Kentish and Feng, 2014). Moreover, HIU has been used to induce the crystallization
and nucleation rate in lipids, change hardness and elasticity, the microstructure of
crystalline networks by generating smaller and uniform sized crystals, and reduce the
agglomeration of crystals (Patist and Bates, 2008; Kentish and Feng, 2014; Gregersen
et al., 2019; da Silva and Martini, 2020). Previous research in our laboratory has shown
that the effect of HIU on various lipids using different processing conditions, including
crystallization temperatures (Kadamne et al., 2017a), agitation (Kadamne and Martini,
2018), degree of saturation, and supercooling level (Lee et al., 2018), time at HIU
applied (Ye et al., 2011), tip size and pulse duration (Silva et al., 2017) and cooling rate
(Giacomozzi et al., 2020; Jana and Martini, 2014). Changes in physical properties are
caused by the presence of cavities or bubbles generated during the sonication process.
Cavitation and bubble dynamics
While high-intensity ultrasound (HIU) is applied to a liquid medium,
longitudinal waves from HIU travel through the medium, creating regions of high and
low pressures that generate cavities or bubbles (Martini, 2013; Bermudez-Aguirre et
al., 2011). These events, including the generation, growth, and collapse of bubbles or

11

cavities are referred to as cavitation (Leong et al., 2011; Martini et al., 2012;
Ashokkumar, 2011). There are two types of cavitation; inertial (transient) or noninertial (stable) cavitation (Bermudez-Aguirre et al., 2011). A difference between
inertial and non-inertial cavitation is bubble collapse. During cavitation, bubbles are
formed and can either be stable over time or collapse (Martini, 2013). In non-inertial
cavitation, bubbles increase in size and gradually dissolve into the medium but never
collapse during the acoustic cycle, while in inertial cavitation, bubbles grow, collapse
rapidly or expand continually and violently collapse within one or less than one acoustic
cycle. (Bermudez-Aguirre et al., 2011; Chandrapala and Leong, 2015). Bubble collapse
and oscillation of bubbles plays a key role in generating high shear forces, high
pressures, and high localized temperatures (Martini et al., 2012; Chemat et al., 2004;
Silva et al., 2017; Khan et al., 2020) that are responsible for generating physicochemical
changes in the material. The behavior of cavitation bubbles depends on the amplitude
of the pressure field, the size of the bubbles, the processing conditions in a liquid such
as viscosity, surface tension, and frequency and power (Ye et al., 2018; Silva et al.,
2017).
Bubble dynamics (the study of the life cycle of bubbles) in acoustic fields has
been widely studied in aqueous systems; however, very little information in nonaqueous systems, including edible lipids, is available (Lauterborn et al., 2008; Martini
et al., 2012). Birkin et al. (2017) have shown the formation of cavitation clusters in
sunflower oil and determine changes observed during sonication. They found that the
amplitude of HIU plays a significant role in bubble dynamics. (Figure 1). However, it
is currently unknown how these bubble dynamics specifically affect lipid
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crystallization. For instance, it is unknown whether the formation of these clusters and
streamers are associated with the induction in crystallization reported in lipids.

Figure 1. Cavitation streamer with bubbles. A cluster of bubbles can be observed close
to the tip, or piston-like emitter, transient events where bubbles rapidly grow and
collapse and a stream of bubbles (oil streamer) that travel away from the tip. Arrows
indicate the direction of bubble movement.
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Cluster
Transients events

Oil streamer
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Regulation of HIU in Food Application
HIU is a sound wave with potential to be used as a processing tool but to the
best of my knowledge, is not being used for any commercial application. Currently,
the Food and Drug Administration (FDA) does not regulate technologies for food
processing. For instance, hydrogenation, a commonly used processing technology in
the lipid industry to make from liquid oil to solid fat, is not regulated by the FDA.
However, FDA may regulate food ingredients that result from the process, such as
partially hydrogenated oils (PHOs) that could become incidental additives. The only
exception, which is processing technology regulated by FDA, is irradiation. The use
of irradiation in foods is one of the commonly used processing techniques (Morris et
al., 2007) to extend shelf-life and reduce or eliminate microorganisms, resulting in
improved food quality (Grolichova et al., 2004), and it is regulated by FDA as food
additives under the section 321(s) of the Federal Food, Drug & Cosmetic Act because
of Congress requests. For this reason, HIU will not be regulated by FDA if it is used
as a processing technology during food processing. However, it does not mean that
HIU does not affect changes in the physicochemical properties of food; therefore,
more research is required to determine these changes in each food category.
Types of fats
Lipids are important nutrients in the human diet because they contain essential
fatty acids, carry lipid-soluble vitamins (Vitamin A, D, E, and K), and provide an
excellent source of calories (9 kcal/g) (Ribeiro et al., 2015; Vaclavik and Christian,
2008). Lipids also provide functional and sensorial properties to foods, including
texture, flavor, mouthfeel, spreadability, stability, and aroma (Vaclavik and Christian,
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2008; Damodaran et al., 2007; Wagh et al., 2016). Lipids are classified as oils and fats.
The term “oil” is used to refer to lipids that are liquid at room temperature, while the
term “fat” is used to refer to lipids that are solid at room temperature. Chemically, lipids
are primarily composed of triacylglycerols where three fatty acids are esterified to a
glycerol molecule (Ribeiro et al., 2015; Asif, 2011). Fatty acids are commonly
classified into saturated fatty acids with no double bond in the hydrocarbon chain and
unsaturated fatty acids with double bonds (Damodaran et al., 2007).
Polyunsaturated fatty acids (PUFAs) are unsaturated fatty acids that have more
than one double bond, and these include essential fatty acids such as omega-6- fatty
acids (ω-6 fatty acids) and omega-3- fatty acids (ω-3 fatty acids). ω-6 fatty acids contain
at least 2 carbon-carbon double bonds, with the first bond at the sixth carbon (n-6
position) from the methyl end, whereas ω-3 fatty acids have double bonds with the first
bond at the third carbon (n-3 position) from the methyl end (Harris et al., 2009). These
essential fatty acids play a key role in membrane fluidity, cellular signaling, and gene
expression (Damodaran et al., 2007), especially, docosahexaenoic acid (DHA, C22:6n3) and eicosapentaenoic acid (EPA, C20:5n-3) (Rodriguez et al., 2012), providing
benefits to reduce the risk of coronary heart disease (Shahidi and Ambigaipalan, 2018;
Schmidt and Dyerberg, 1994; Dhaka et al., 2011). However, PUFAs are highly
susceptible to oxidation, and therefore many food companies have been challenged to
increase the level of essential fatty acids in their food without affecting their oxidative
stability (Damodaran et al., 2007).
Trans-fats are unsaturated fatty acids that contain at least one double bond in
trans configuration where the hydrogens associated with the double bond are located
on opposite sides of the double bond (Iqbal, 2014). Trans-fats exist either naturally in
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meat and dairy products from ruminants or industrially formed during a process called
hydrogenation (Sato, 2018). In the hydrogenation process, unsaturated fatty acids are
converted into saturated fatty acids using hydrogen gas to incorporate hydrogen atoms
into the double bonds of the molecules (Turkay and Sahin-Yesilcubuk, 2017; Karabulut
et al., 2003; Dhaka et al., 2011). When hydrogenation is partially done, the final
products are called partially hydrogenated oils (PHOs); while the process is fully done,
fully hydrogenated oils are produced. The physical and chemical properties of final
products obtained through partial hydrogenation can be varied by changing operating
factors such as type, activity, and amount of catalyst, agitation, temperature, and quality
of oil and hydrogen (Turkay and Sahin-Yesilcubuk, 2017; Kadhum and Shamma,
2017). PHOs have improved temperature stability, texture, and flavor stability than
their non-hydrogenated counterparts and were widely used in food products such as
margarine, vegetable shortening for frying, and baking goods (Iqbal, 2014; Turkay and
Sahin-Yesilcubuk, 2017; Bhandari et al., 2020). However, various studies showed that
consumption of PHOs is related to cardiovascular disease by increasing low-density
lipoprotein (LDL) cholesterol and decreasing high-density lipoprotein (HDL)
cholesterol (Iqbal 2014; Brouwer, Wanders, and Katan 2010; Mozaffarian et al. 2006).
Hence, the U.S. Food and Drug Administration (FDA) decided to remove the generally
recognized as safe (GRAS) status of PHOs in June 2015, and they were removed from
the US foods in June 2018 (FDA, 2015). The removal of PHOs from foods has
challenged food scientists to develop new fats and oils without PHOs and with low
saturated fatty acids while maintaining the physical properties needed for specific food
applications. Most companies are used several processing methods by reformulating
their foods with different types of oils, blending oils, and using interesterification.
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Interesterification
The physical properties of lipids are driven to some extent by their chemical
composition. For instance, the amount, type, and position of fatty acids in a
triacylglycerol molecule affect the way the fat crystallizes and, therefore, its physical
properties. Other minor compounds such as monoacylglycerols, diacylglycerols, and
phospholipids, can influence the physical properties. Modification of the chemical
composition of lipids is a common method to change their properties since not all lipids
have desired properties for specific uses (Bockisch, 1998). Interesterification is a fat
modification technique that redistributes the fatty acids on the glycerol backbone of
triacylglycerols (Berry et al., 2019; Asif, 2011). Interesterification can be used to alter
the melting and crystallization behavior of lipids to obtain desired physical and
functional properties such as more stable crystalline form and a particular melting point
(Berry, 2009). There are two types of interesterification: chemical interesterification
(CIE) and enzymatic interesterification (EIE) (Farfán et al., 2015). CIE is processed by
chemical catalysts including sodium, potassium, sodium methylate, or sodium ethylate
at about 70 to 140 °C, and it reaches equilibrium very rapidly once started (Asif, 2011;
Rousseau et al., 2017). It is relatively inexpensive, easy to carry out, and scale-up;
however, it requires post-treatments such as bleaching and washing. Moreover, a lack
of specificity and no control over the position in which fatty acids are arranged in the
final product is one of the disadvantages (Zhang et al., 2020; Asif, 2011; Farfán et al.,
2015). EIE, on the other hand, is an interesterification process that uses a lipase enzyme
(Berry et al., 2019), and it can be used to generate more specific final products which
have desired physical and functional properties (Azimah and Zaliha, 2018). EIE
requires lower operating temperatures (55 to 70 °C) than CIE, an environmentally
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friendly process that results in lower degradation of fatty acids (Asif, 2011; Azimah
and Zaliha, 2018).

Figure 2. Types of interesterification reaction using lipase. (Reprinted from European
Journal of Lipid Science and Technology, Vol 115. Soumanou, M. M., Perignon, M.,
and Villeneuve, P. Lipase‐catalyzed interesterification reactions for human milk fat
substitutes production: A review, P 270-285, with permission from Wiley and Sons).
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The interesterification process can be classified as three groups depending on
the type of reaction: 1) acidolysis (the reaction of a fatty acid (FA) and a triacylglycerol
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(TAG), 2) alcoholysis (the reaction of an alcohol and a triacylglycerol (TAG), and 3)
transesterification (the reaction of an ester and a triacylglycerol (TAG) (Roussseau et
al., 2017). The reactions are described in Figure 2.
Crystallization
Crystallization is a phenomenon related to the formation of a crystalline lattice
structure. There are four steps in the crystallization process:(1) formation of a
supersaturated or supercooled state, (2) formation of a crystalline lattice structure from
solution or melt (nucleation), (3) subsequent growth of nuclei until equilibrium is
attained (growth), and (4) reorganization of the crystalline structure to a lower energy
state without further change in the amounts of crystalline phase volume
(recrystallization) (Hartel 2001).
Nucleation is the most significant step for controlling crystallization. When a
liquid phase is under non-equilibrium conditions in a supersaturated or supercooled
state, molecules in the liquid state can re-arrange and form a stable crystal nucleus
(Ribeiro et al., 2015). Nucleation is typically categorized into two mechanisms: primary
and secondary nucleation. Primary nucleation can be divided into homogeneous and
heterogeneous nucleation (Hartel, 2001). Homogeneous nucleation is uncommon in
practical situations, but it occurs at high levels of supersaturation or supercooling,
which is the driving force for crystal nucleation and growth (De Castro and PriegoCapote, 2007). During homogeneous nucleation, molecules in a solution without
containing any foreign particles interact by bouncing into each other. Throughout this
process, there is a certain probability that the molecules will stay together. When
enough molecules interact, they form a cluster of molecules, and when this cluster
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becomes bigger than a critical radius the cluster transforms into a nucleus. This process
is the first step related to the formation of a crystal lattice structure where the formation
of a stable nucleus is dependent on the temperature and supersaturation of the system
(Ribeiro et al., 2015). On the other hand, heterogeneous nucleation occurs when the
presence of any foreign particles in the liquid induces nucleation at much lower driving
force (supersaturation or supercooling) than one required for homogeneous nucleation
(Hondoh and Sato, 2018: Hartel, 2001). Secondary nucleation is the most common
nucleation that occurs in the presence of solid interphase. During secondary nucleation,
contact between crystals, a stirrer, or a solid wall induces nuclei formation under
conditions where nucleation typically would not happen (Hartel, 2001). Once the nuclei
are formed, molecules continue to aggregate in the crystalline lattice forming a
crystalline network with physical properties such as texture, amount of solid, crystal
size, and melting behavior, to name a few (Ribeiro et al., 2015; Bayés-García et al.,
2015).
Physical properties of lipids
Controlling the physical properties of lipids is necessary to obtain desired
product quality (Birker and Padley 1987; Hondoh and Ueno, 2016). The physical
properties of lipids depend on the size, shape, and orientation of lipid crystals obtained
during the crystallization process that occurs during production (Ribeiro et al., 2015).
The physical properties, including hardness, melting behavior, texture, rheology, and
spreadability, are commonly known as primary physical properties of lipid-based foods
(Bayés-García et al., 2015). Three significant factors affect the physical properties of
fats: polymorphism, lipid crystal morphology, and rheological and textural properties
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(Sato and Ueno, 2014). Several relevant techniques can be used to measure the physical
properties of the crystalline network: time-domain nuclear magnetic resonance (TDNMR), differential scanning calorimetry (DSC), rheology, polarized light microscopy
(PLM), and texture profile analyzer (TPA).
TD-NMR can be used to determine the solid fat content (SFC) of the lipids and
to evaluate the rate of crystallization by quantifying SFC changes as a function of time
(Hartel, 2001; Linke et al., 2018). Microscopy is the most widely used technique for
determining the morphology and size of the crystals that form the fat. PLM is one of
the techniques used to enhance crystal morphology. Image analysis can be performed
through this technique for observing particle sizing of crystals, crystallization rates, and
onset of nucleation (Hartel, 2001; Wright et al., 2000). A differential scanning
calorimeter (DSC) is used to determine the crystallization and melting behavior of the
fat crystalline network (Leyva-Porras et al., 2019). Texture profile analyzer (TPA) is
used to measure various textural parameters such as hardness, crispiness, springiness,
cohesiveness, and adhesiveness (Pons and Fiszman, 1996). Below is a detailed
description of these techniques and their use to characterize the physical properties of
lipids.
Solid Fat Content (SFC)
Solid fat content (SFC) measures the amount of solid fat present in a lipid
material and plays an essential role in many fundamental characteristics of lipids, such
as physical appearance, spreadability, organoleptic properties, consistency, and
stability. These characteristics influence the plasticity and hardness of an edible lipid
product and its sensorial properties (Dos Santos et al., 2014; Augusto et al. 2012;
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Glibowski et al., 2008). For these reasons, SFC has been generally used to understand
food properties, application, processing, and consumption conditions, so that it is an
accepted parameter for the analysis of lipids in the food industry (Ribeiro et al., 2009).
SFC is a measure of the amount of solid (crystalline fat) content, expressed in
percentage, in a sample at a selected temperature (da Silva Lannes and Ignácio, 2013).
SFC is measured by time-domain nuclear magnetic resonance (TD-NMR) (Rodrigues
et al. 2005). The TD-NMR is a nondestructive analytical technique that uses
electromagnetic excitation to measure the total solid fat content of samples (Peyronel
and Campos, 2012). The technique has several advantages, such as simplicity,
accuracy, and capability to determine solid fat in the presence of water (Tarmizi et al.,
2008; Reuhs and Simsek, 2010). TD-NMR measurement consists of exposing a sample
to radiofrequency (RF), causing atom nuclei such as hydrogen proton (1H) to change
orientation when placed in a magnetic field (Peyronel and Campos, 2012; Reuhs and
Simsek, 2010). When a sample is at rest (outside the TD-NMR), H nuclei are placed in
a random direction. However, when the sample is placed inside the TD-NMR these
nuclei are placed within an external magnetic field (B0) and align themselves with the
applied magnetic field (parallel) or against the field (anti-parallel) (Peyronel and
Campos, 2012; Reuhs and Simsek, 2010). During the TD-NMR measurement, a RF
pulse is applied to the system perpendicular to the z-axis of the magnetic field where
receiver coil is located that changes the orientation of the H nuclei. After the RF pulse
is applied to the system, the nuclei begin to decay back to the relaxed state (Reuhs and
Simsek, 2010). The decay time is different between the H that is in a solid and liquid
state, and the SFC is calculated from these two different relaxation times: solid and
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liquid proton relaxation and liquid proton relaxation (Peyronel and Campos, 2012). The
solid fat content can be measured by the following equation [1] (AOCS Official Method
Cd 16b-93):
(𝐸11−𝐸70) ×𝐹

𝑆𝐹𝐶 = 𝐸70+[(𝐸11−𝐸70)×𝐹]+𝐷 × 100

[1]

Where E11 is the NMR signal measured at 11 µs after RF pulse, indicating the signal
from the liquid state protons and part of the solid-state protons, E70 is the NMR signal
measured at 70 µs after RF pulse, representing the signal of liquid state protons. F is an
empirical factor (obtained during calibration) to correct the dead time of the receiver
and D is a digital offset factor to correct offset of the detector (obtained during
calibration) (AOCS official method Cd 16b-93; Zhang et al., 2015).
During the SFC measurement, the sample is crystallized to a stable state at a
specific temperature and transferred to a pulsed NMR tube and measured. The
percentage liquid versus solid (crystalline) fat content is automatically calculated
(Fiebig and Lüttke, 2003; Hartel 2001). Through SFC curves, overall crystallization
behavior of lipids, such as crystallization kinetics, can be obtained, which is useful in
formulating and developing new products (Ribeiro et al. 2009).
Rheological properties
Understanding rheology in food is important to optimize product quality and
processing methodologies (Herrera and Hartel, 2000). Hence, many studies have
evaluated the rheological properties of semi-solid foods and food materials (Marangoni
and Rousseau, 1998; Herrera and Hartel, 2000). Rheology measurements provide
information about the flow behavior of liquids and deformation behavior of solids under
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specific conditions, such as time, temperature, and shear rate (da Silva Lannes and
Ignácio, 2013; Mezger, 2006; De Graef et al., 2008). Shear storage modulus (G’), which
is the solid-like component at any particular frequency, loss modulus (G”), which is the
liquid-like response, and loss factor tan δ is used to describe the rheological behavior
of semi-solid materials (da Silva Lannes and Ignácio, 2013).

G’ indicates the

magnitude of the energy that is stored in the material or that is a recoverable per cycle
of deformation, while G’’ is a measure of the energy lost as viscous dissipation per
cycle of deformation (da Silva Lannes and Ignácio, 2013). The loss factor tan δ is the
loss modulus ratio to storage modulus (Eq.2) (Ehrenstein et al., 2004).
tan δ =G”/G’

[2]

The tan δ measures the energy lost expressed in terms of the recoverable energy in a
viscoelastic system. A high tan δ value is typical from a material that has a high, nonelastic strain component, while a low value indicates one that has a more elastic strain
component (Ehrenstein et al., 2004). It means that if G’ is much greater than G’’, the
material will behave more like a solid, whereas G’’ is much greater than G’, the material
behavior is more liquid-like (da Silva Lannes and Ignácio, 2013).
Polarized light microscopy (PLM)
Microscopy is a valuable technique for measuring crystal microstructure. This
technique can provide information regarding the crystalline content, the size of crystals,
and nucleation and growth events (Hartel, 2001). There are different kinds of
microscopy techniques such as optical microscopy or scanning electron microscopy.
Polarized light microscopy (PLM) is generally used to evaluate the microstructure in
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fats in relation to physical properties and processing conditions (Ribeiro et al., 2015;
Herrera and Hartel, 2000).
During PLM measurements, a small amount of sample is placed on a
microscope slide, a cover slide is positioned on top of the sample and slightly pressed
to allow for the light of the microscope to pass through (Hartel, 2001; Rigolle et al.,
2018). When the slide is placed on the PLM stage, crystals of the sample can be detected
by the polarized light. Two polarizer lenses are equipped in the PLM. The lenses are
used to determine the crystal size of the sample by blocking all light, excluding the light
which is rotated by the crystals. Thus, crystals appear as a bright region and the
background of liquid oil is shown as a dark region (Tang and Marangoni, 2006). The
magnification range of PLM is from 2X to 100X, and the most used magnification is
4X, 10X, 20X, and 40X. Low magnification is used to analyze large structures (0.2 μm
in size), while high magnification is used to detect small structures (3-5μm in size) in
foods (Hartel, 2001).
Differential scanning calorimetry (DSC)
One of the most important physical properties in lipids is the change in solidliquid ratio as a function of temperature. It means that melting and crystallization are
two important properties for functionality in many food products such as confections,
margarine, spreads, butter, and shortenings, to name a few (Abdulkarim and Ghazali,
2005).
Differential scanning calorimetry (DSC) has been used to investigate the phase
transformation and melting and crystallization profiles in different lipids and food
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products for many years (Tan and Man, 2002; Siew, 2001; Leyva-Porras et al., 2019;
Chiu and Prenner, 2011). It is a sensitive, rapid, and reproducible method for the
identification of phase transitions in lipids and other materials (Tan and Man, 2002).
This technique can monitor the quantity of energy change as a function of time during
cooling or heating (Cebula and Smith, 1992) by detecting the change in enthalpy of an
endothermic or exothermic transition (Tan et al., 2001; Tan and Man, 2000). An
endothermic transition is the state in which heat flows into the sample (melting, protein
denaturation, dehydration, reduction reactions), while an exothermic transition is the
state in which heat flows out of the sample (crystallization, some cross-linkage
processes, oxidation reaction) (Chiavaro, 2014).
In a typical DSC experiment for lipids, an aluminum pan with a sample and a
reference pan (empty pan) are placed in a common chamber with a controlling
temperature range (-180 °C to 725 °C) and used to measure the formation and/or
melting of crystals present in the sample (Hartel, 2001). Commonly, nitrogen gas is
used as an inert gas to maintain reproducible and dry atmosphere for the lipid sample
and to remove air while the measurement is performed at high temperatures (Chiavaro,
2014). When a phase transition occurs, a change in the heat flow is recorded as a peak
(Rigolle et al., 2018).
A DSC curve offers information about the phase transition and in general
includes parameters such as peak temperature (Tp), onset temperature (Ton), and the
change in enthalpy associated with the phase transition (H) (Höhne et al., 1996). The
peaks of a DSC curve are associated with an enthalpy change of a specific physical or
chemical process which is measured as a function of time or temperature (Chiavaro,
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2014). Ton is referred to as the temperature where the phase transition begins (Gabbott,
2008), Tp is the temperature where all the phase transition culminates. The change in
enthalpy associated with the phase transition is calculated as the area under the curve,
which is directly proportional to the enthalpic change, such as endothermic (for melting
processes) or exothermic (for crystallization processes) (Abdulkarim and Ghazali
2007).
Texture Profile Analyzer (TPA)
Texture is driven by various constituents and structural elements as they are
arranged and combined into structures such as micro- and macro-structure (da Silva
Lannes and Ignácio, 2013). Texture has been used to control the sensory and functional
properties of foods related to their structural, mechanical, and surface properties
(Szczesniak, 2002). The texture profile analysis (TPA) method is commonly used in
the food industry to evaluate sensory parameters such as hardness, adhesiveness, and
cohesiveness of various foods (Nishinari et al., 2013).
In the TPA measurement, a flat probe and compress plate are required to
measure proper reciprocate motions (Nishinari et al., 2013). The reciprocate motion
involves the test sample twice and measuring the mechanical parameters from the
recorded force-deformation curves (Szczesniak, 2002). The method includes the
application of controlled force to the sample and recording its response with time
(Chandra and Shamasundar, 2015). Hence, TPA has been applied to evaluate the quality
of all kinds of foods such as meat products (Mittal et al., 1992; Martinez et al., 2004),
dairy products (Zheng et al., 2016), baking product (Mamat and Hill, 2014), grain
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processing (Mert et al., 2014), and gels (Trinh and Glasgow, 2012; Li et al., 2016)
among others.
Lipid Oxidation
Lipid oxidation is one of the most important factors to evaluate food quality,
safety, and color. Lipid oxidation in foods must be understood and minimized to ensure
product quality (Przybylski et al., 2013; Maszewska et al., 2018). Controlling lipid
oxidation is still challenging, though it has been studied for more than 60 years, since
oxidative stability is often very difficult to predict and control due to inconsistent
oxidative kinetics (Kamal-Eldin and Pokorny, 2005). The oxidation of edible oils can
be affected by various factors such as heat or light, oxygen, presence of free fatty acids,
mono- and diacylglycerols, transition metals (copper, iron, or manganese), peroxides,
thermally oxidized compounds, antioxidants (tocopherols, tocotrienols, carotenoids,
phenolic compounds, and sterols) and pigments (Choe and Min, 2006; Johnson and
Decker, 2015). The rate of oxidation can be decreased by using inert gas or reduced
oxygen pressure, but lipid oxidation is difficult to stop completely (Johnson et al.,
2017).
The mechanism of lipid oxidation involves three steps: (a) initiation, (b)
propagation, and (c) termination (Choe and Min, 2006; Logan et al., 2015; Ahmed et
al., 2016).
Initiation (formation of lipid radical)
RH

→

R· + H·

[3]

Propagation (free radical chain established)
R· + O2

→

ROO·

[4]
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ROO· + RH

→

ROOH + R·

[5]

Termination (formation of non-radical products)
ROO· + R·

→

ROOR (non-radical product)

[6]

R· + R·

→

RR (non-radical product)

[7]

ROOR + O2 (non-radical product)

[8]

ROO· + ROO· →

Where R refers to a lipid alkyl.

When a lipid substrate (R) is exposed to heat energy, light, or metal ions, a hydrogen
atom is removed, and a free or lipid alkyl radical is formed in the initiation step (Eq.
[3]) (Ahmed et al., 2016). Next, the free lipid radical reacts with O2 due to its unstable
state and forms a lipid peroxy radical (ROO·) (Eq. [4]). Also, the lipid peroxy radical
abstracts hydrogen from other lipid molecules such as unsaturated fatty acid and reacts
with the hydrogen to produce hydroperoxide (ROOH) and another lipid alkyl radical
(Eq. [5]) (Domínguez, et al., 2019). These steps are called the free radical chain reaction
or propagation steps. After the free radical chain is established, radicals react with each
other and form non-radical products (Eq. [6] – [8]) (Chaiyasit et al. 2007), which is
known as the termination step.
Hydroperoxides are significant primary oxidation product (Kamal-Eldin and
Pokorny, 2005). These are unstable compounds that can decompose to form secondary
oxidation products such as aldehydes, alcohols, and ketones, and compounds with
short-chain length (Li et al., 2016; Meira et al., 2011). Methods for determining lipid
oxidation are based on measuring changes in the chemical and physical properties of
the oil during oxidation. These methods are related to measuring the concentration of
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primary or secondary oxidation products or of both (Muik et al., 2005). Typical
methods to measure lipid oxidation include iodine value (IV), peroxide value (PV),
para-anisidine value (p-AV), thiobarbituric acid (TBA value), and total oxidation value
(TOTOX), Fourier transform infrared spectroscopy (FTIR), raman spectroscopy, high
pressure liquid chromatography (HPLC), nuclear magnetic resonance spectroscopy
(NMR), and electron spin resonance spectroscopy (ESR) (Li et al., 2016).
Standard methods for measuring oxidative deterioration are peroxide value
(PV), which measures the concentration of hydroperoxides, anisidine value (AV), and
gas chromatographic (GC) analysis for volatile compounds (Muik et al., 2005). Raman
spectroscopy and thiobarbituric acid (TBA value) are useful for detecting secondary
oxidation products (Li et al., 2016; Guillén-Sans and Guzmán-Chozas, 1998). The pAV is used to measure the carbonyl content in the oils and fats. The value is determined
by spectrophotometer using absorbance at 350 nm (Moigradean et al., 2012). TOTOX
is used to measure the total degree of oxidation of lipids. TOTOX value is calculated
to using PV and p-anisidine value (p-AV) (Eq.9) (Moigradean et al., 2012).
TOTOX value = 2PV + p-AV

[9]

The iodine value (IV) is used to determine the degree of unsaturation of fats and oils.
The value is commonly used as an indicator for physical and chemical properties of the
material. Higher IV value indicates a higher degree of unsaturation and that the sample
is more vulnerable to oxidation (Saad et al., 2008). Similarly to the IV, gas
chromatography (GC) can be used to measure the degree of unsaturation during
secondary reactions of hydroperoxide (Li et al., 2016). Rancimat is the method to
determine oxidative stability of lipids by measuring the conductivity of deionized water
that captures the volatiles generated by a heated lipid sample (Farhoosh, 2007).
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Among these methods, PV measured using ultraviolet-visible (UV/Vis)
spectrophotometer and Rancimat method have been chosen for evaluating oxidation of
lipid in this research (Shantha and Decker, 1994; Tian and Dasgupta, 1999; Läubli and
Bruttel, 1986; Matthäus, 1996; Hornero-Méndez et al., 2001; Farhoosh, 2007; Souza et
al., 2011; Meira et al., 2011). The peroxide value method is chosen as the primary
indicator to detect hydroperoxide formation in the propagation process. The Rancimat
method is selected to measure the induction period, which is the time prior to starting
lipid deterioration, providing relative oxidative stability of the samples.
Peroxide value (PV) by Spectrophotometry
The traditional method of determining peroxide value (PV) is using titration;
however, an ultraviolet-visible (UV/Vis) spectrophotometric method is also commonly
used to evaluate lipid oxidation (Shantha and Decker, 1994). This method is one of the
oldest techniques developed, and it has several advantages to analyze oxidized lipids:
it is simple to measure, effective to determine primary oxidation status of lipids, highly
reproducible, allows for good control of the degree of oxidation, and it is a very
sensitive method since it can detect products of oxidation in concentrations as low as
0.1 mEq/Kg (Kamal-Eldin and Pokorny, 2005; Shantha and Decker, 1994; Liu et al.,
2021).
These methods use the ferric thiocyanate assay to determine the ability of
hydroperoxides to oxidize ferrous ions (Fe(II)) to ferric ions (Fe(III)) (HorneroMéndez et al., 2001; Dermis t al., 2012). During the measurement, Fe(II) is converted
into Fe(III) by reacting thiocyanate, creating red-pink colored complex, which can be
measured by spectrophotometry (Chen et al., 2016; Abuzaytoun et al., 2020). UV/Vis
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spectrophotometer uses electromagnetic radiation between 190 nm to 800 nm of
absorption, including ultraviolet region (190 nm to 400 nm) and visible (400 nm to 800
nm) regions (Souza et al., 2011). The advantage of using a UV/Vis spectrophotometer
is that the method can be used at ambient temperatures reducing the chance of
decomposing hydroperoxides (Kamal-Eldin and Pokorny, 2005).
The evaluation of PV can be expressed in milliequivalents of active oxygen per
kg lipids (mEq/Kg) (Kamal-Eldin and Pokorny, 2005). It is important to note that the
PV of refined fresh oils is usually below 1 mEq/Kg. Oils with 1-5 mEq/kg of PV are
considered slightly oxidized, oils with PV 5-10 mEq/kg are considered moderately
oxidized, and an oil with a PV above 10 mEq/kg is considered as highly oxidized
(Gunstone, 2008; Moigradean et al., 2012).
Rancimat
Rancimat is one of the most well-known methods for measuring the oxidative
stability of lipids (Maszewska et al., 2018). The method, developed by Hadorn and
Zürcher, measures the induction period for conductivity (Matthäus, 1996). Based on
the AOCS official method Cd 12b-92 (AOCS, 1997), the length of time before
oxidation occurs is a measurement of the resistance to oxidation, and this period is
commonly stated as the induction period or oil stability index (OSI). During the
measurement, a lipid sample is exposed to a stream of dry air at a specific temperature
(Läubli and Bruttel, 1986). The sample is heated in a thermostatic bath, and deionized
water is held in a measuring vessel (AOCS method Cd 12b-92, 1997). Air bubbles are
passed through the heated sample from the vessel containing deionized water and it is
continually monitored (Gonzaga et al., 2007). The air carries volatile organic acids
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(mostly formic acid) that are a product of the oxidation in the oil, changing the
conductivity in the water, which is continuously monitored by a recorder (Farhoosh
2007; Tian and Dasgupta 1999). The Rancimat method is usually performed at
temperatures between 100 to 130 °C depending on how many natural antioxidants are
present in the sample (Gertz and Kochhar, 2001; Maszewska et al., 2018). Results from
this method have been validated with other analytical methods and sensory tests under
various conditions of lipid oxidation (Coppin and Pike, 2001).
Volatiles
Lipid oxidation can generate aldehydes, ketones, alcohols, hydroxy compounds,
short carboxylic acid, and polymers, and these compounds provide rancidity or offflavors to foods (Domínguez et al., 2019). Measurement of these volatile compounds is
important because they are related to the deterioration of flavor and negative sensory
properties (Damodaran et al., 2007; Barriuso et al., 2013). Propanal is the main
indicator of oxidation for ω-3 fatty acids, whereas hexanal and pentanal are indicators
of oxidation of ω-6 fatty acids (Barriuso et al., 2013).
Volatile lipid oxidation compounds are generally determined by gas
chromatography (GC) (Damodaran et al., 2007; Thomson et al., 2016). Prior to gas
chromatography analysis, different methods, including solvent extraction and
headspace (HS) technique are used to recover the volatile compounds (Barriuso et al.,
2013). Since the method often uses heating steps to increase the extracted volatile
compounds, it is important to maintain the lowest temperature as possible to decrease
formation of new oxidation products (Damodaran et al., 2007; Barriuso et al., 2013).
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CHAPTER 3

OXIDATIVE STABILITY OF SONICATED SOYBEAN OIL USING VARIOUS
SONICATION PROCESS PARAMETERS

ABSTRACT

This research aimed to examine the effect of high-intensity ultrasound (HIU) on
the oxidative stability of soybean oil (SBO) by measuring peroxide value (PV) and oil
stability index (OSI). Samples (5, 100, and 250 g) were sonicated at 25 ºC using various
sonication conditions: power level (setting 1, 5, and 9), tip size (12.7, 3.2, and 2 mm),
and pulse duration (5, 10, and 60 s). The International Dairy Federation (IDF) standard
method was used to determine the degree of oxidation of sonicated and non-sonicated
SBO through the peroxide value (PV) determined by spectrophotometry. The AOCS
official method (Cd 12b-92) was used to determine oil stability index (OSI) by
Rancimat. Volatile compounds were evaluated using headspace-solid phase
microextraction gas chromatography-mass spectrometry (HS-SPME/GC-MS). A range
of absolute power (0 to 123.5 W), power density (0 to 14.2 W/cm3), and power intensity
(0 to 1,120 W/cm2) values were obtained based on the amount of the samples, power
setting, and tip size. Higher power density and power intensity values were obtained
with the highest HIU setting (setting 9) and with the 3.2 mm tip. The highest power was
obtained when HIU was applied using 12.7 mm tip in 250 g of sample using setting 9.
No significant difference (P > 0.05) was observed in PV (0.20  0.01 mEq/kg) nor OSI
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(10.05 ± 0.04 h,) among the various sonication conditions tested. There were no
noticeable volatile oxidation products in sonicated SBO.

INTRODUCTION

With increasing interest in the use of high-intensity ultrasound (HIU) in food
processing, this technique has been received attention as a potential processing tool due
to its sustainability and potential benefits in food processing (Fu et al., 2020). HIU is
defined as sound waves using high power levels (10 to 10,000 W/cm2) and low
frequencies (20 to 100 kHz), which are beyond the auditable human frequency (Yao, et
al., 2020; Ye and Martini, 2014). During HIU application, ultrasonic waves propagate
through a medium by the oscillating motion of a transducer, generating cavities or
bubbles (Martini, 2013; Lee et al., 2020). A series of compressions and rarefactions in
the material results in the formation and collapse of bubbles, known as cavitation (Patist
and Bates, 2008; Gregersen et al., 2019). The formation, growth, and collapse of these
cavities called cavitation is associated with high localized energy with high temperature
(5,000 to 10,000 K), turbulence, shock waves, and high pressures, which may cause
oxidative deterioration in food products (Li et al., 2020; Sonwai et al., 2021; Villamiel
et al., 2017).
Lipid oxidation is a reaction that causes degradation in edible lipids affecting
their nutritional properties and flavor profiles (Farhoosh, 2020). Therefore, it is the
main cause that limits the shelf-life of oils and must be minimized when possible. Lipid
oxidation is associated with the continuous formation of lipid hydroperoxides, known
as unstable primary products of oxidation. These are degraded into a range of secondary
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oxidation products, including aldehydes, ketones, and volatile organic acids (Xu et al.,
2017). The type of secondary oxidation products is based on the composition of the
fatty acid substrates and reaction conditions. For instance, propanal is produced as a
secondary oxidation product of omega-3-fatty acids, while hexanal is formed as a result
of linoleic and omega-6-fatty acids oxidation (Shahidi and Zhong, 2010). To evaluate
the degree of oxidation in edible oils, several analytical methods, including peroxide
value (PV) stability, p-anisidine value (p-AV), Rancimat test, and thermostatic test, are
most frequently used (Gonzaga et al., 2007; Maszewska et al., 2018). A headspace
solid-phase microextraction chromatography-mass spectrometry (HS-SPME/GC-MS)
is commonly used to obtain the composition and quantity of volatile compounds since
the technique is sensitive, economical, and fast (Xu et al., 2017).
Some studies showed that HIU accelerated oxidation deterioration in edible oils
(Chen et al., 2013; Hosseini et al., 2015) under severe conditions that include high
power levels and long pulse duration. However, there is limited information about the
application of HIU on edible lipids using varied sonication conditions applicable to the
use of HIU to crystallize fats. Therefore, the objectives of this study were to apply HIU
in soybean oil (SBO) using various sonication conditions with different 1) amounts of
sample, 2) power levels, 3) probe diameters, and 4) duration of sonication and to
evaluate the oxidative stability of the sonicated oils. Among the various methods to
measure oxidative stability in edible oils, the PV method determined by
spectrophotometer, Rancimat method, and volatile compound analysis using HSSPME/GC-MS were chosen in this study to evaluate sonicated and non-sonicated SBO.
The PV method was selected as the primary indicator to detect hydroperoxides after
HIU was applied in SBO, and the Rancimat method was used to measure the induction
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period, which is the time prior to starting lipid deterioration, providing relative
oxidative stability of the samples. HS-SPME coupled to GC-MS was chosen to evaluate
volatile compounds created during the sonication process (Xu et al., 2017).

MATERIALS AND METHODS

Materials
Commercial soybean oil (SBO, Crisco) was obtained from a local grocery
store and stored in a - 20 °C freezer until further use.

Methods
High-intensity ultrasound (HIU) application
Samples were completely melted by leaving them at room temperature before
they were used and weighed on a scale. A crystallization cell was connected to an
external water bath which allowed for temperature control at 25 °C. A magnetic
stirrer operating at 200 rpm was placed inside the cell to increase heat transfer. HIU
was applied using a Misonix Sonicator S-3000 (Misonix Inc., Farmingdale, N.Y.,
USA) operating at 20 kHz under various sonication conditions: (a) amount of samples
(5, 100, and 250 g) (b) power level (setting 1, 5, and 9), (c) probe diameter (12.7, 3.2,
and 2 mm), and (d) pulse duration (5, 10, and 60 s). The amplitude of vibration of the
tip is described in Table 3-1. After the treatment, each sample was transferred to a
brown bottle, flushed with nitrogen gas, and stored at a -20 °C freezer to avoid
oxidative degradation until further experiments. Power levels were reported by the
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HIU equipment. Power intensity and power density were calculated using the
following equations [1]-[3] as described by Jambrak et al. (2008):
Power (W) = mechanical energy in Watts
Power intensity (W/cm2) =

[1]

𝑊

[2]

𝜋𝑟 2
𝑊

Power density (W/cm3) = volume of sonicated sample

[3]

Where W = mechanical power; r = the radius of the tip.

Table 3-1. The amplitude (µm) of vibration of the tips
Tip size
12.7 mm

3.2 mm

2 mm

Setting 1

12

24

20

Setting 5

60

120

100

Setting 9

108

216

180

Measurement of degree of oxidation: Peroxide value (PV) and oil stability index
(OSI)
The International Dairy Federation (IDF) method was used to determine the
peroxide value (PV) of the sonicated and non-sonicated samples as described by
Shantha and Decker (1994). Samples were taken out of the freezer prior to the
measurement and kept overnight at room temperature to allow thawing. To quantify
the PV, the sample (0.01 g) was transferred to a screw-capped test tube, mixed with
9.8 ml of chloroform-methanol (7:3 v/v), and mixed in a vortex meter for 2-4 s.
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Ammonium thiocyanate solution (50 μL, NH4SCN dissolved in water up to 100 mL in
a volumetric flask) was placed in the tube and mixed in a vortex for 2-4 s. A 50 μL of
iron (Ⅱ) solution (iron (Ⅱ) chloride solution (0.4 g barium chloride dihydrate
(BaCl2·2H2O) and a 50 mL of distilled water) + iron (Ⅱ) sulfate solution (0.5 g ferrous
sulfate heptahydrate (FeSO4·7H2O) and 50 mL of distilled water) + 2 mL 10 N
Hydrochloric acid, filtered into a brown bottle to obtain a clear solution) was
transferred into the glass tube, and the samples were mixed on a vortex for 2-4 s.
After the preparation, the sample was incubated for 5 min at 25 °C, and the
absorbance was measured at 500 nm using a spectrophotometer (UV 2600,
Shimadzu). PV (mEq / kg) was calculated using followed equation [4]:
(𝐴 −𝐴 )

𝑠
𝑏
PV = 55.84 ×2×𝑚×𝑚

𝑜

[4]

where As is absorbance of the sample; Ab is absorbance of the blank; 55.84 is atomic
weight of iron; 2 is the factor to convert milliequivalents of Fe to milliequivalents of
peroxide; m is slope of the calibration curve; and m0 is mass in g of the sample
(Shantha and Decker, 1994).
A Rancimat (Metrohm, 892 professional Ranicimat) was used to measure the
oil stability index (OSI) as described in the AOCS official method (Cd 12b-92). A 5 g
of molten sample was placed in a glass Rancimat tube, and 50 mL of distilled water
was filled in the conductivity measuring vessel. During the measurement, samples
were oxidized at 110 °C with 20 h/L of gas flow until the oil is fully oxidized. The
results were recorded as induction time or induction period in hours, which is the time
needed to detect secondary oxidation products. Each experimental replicate of PV and
OSI value were measured in duplicate (analytical replicates).
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Volatile compounds
Volatile compound analysis was evaluated as outlined by Gardner and Legako
(2018). Five grams of the sonicated and non-sonicated SBO were weighed into 20 mL
glass gas chromatography (GC) vials and ten l of an internal standard (1,2dichlorobenzene, 0.801 mg/mL) were added to each vial. Polytetrafluoroethylene
(PTFE) septa and screw caps (Gerstel, Linthicum, MD) were used to cap the vials.
The vials were loaded by a Gerstel MPS automated sample (Linthicum, MD) for a 5min incubation period at 40 °C in the Gerstel agitator, and then the vials were
extracted for 25 min. During the process, volatile compounds were extracted in a
polydimethylsiloxane fiber (Supelco, Bellefonte, PA) from headspace solid-phase
microextraction (HS-SPME). The extracted volatile compounds were injected onto a
capillary column (30 m × 0.25 mm × 1.00 µm film thickness, Agilent J&W GC
Columns, Santa Clara, CA). Volatile compounds were represented by the amount of
extracted compounds (ng)/g of sample.

Statistical Analysis
A 3x 3x 3 factorial design were used. All experiment was performed in
duplicate for each condition. Significant differences were evaluated using two-way
ANOVA (α = 0.05) with multiple comparisons from GraphPad Prism software
version 9.00 (GraphPad Software, San Diego, CA, U.S.A.) for Windows. Data were
reported as mean values and standard error of the mean.

RESULTS AND DISCUSSION
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Application of HIU
Table 3-1 shows power, power intensity, and power density of SBO processed
under varied sonication conditions using 20 kHz of frequency. The power intensity and
power density were calculated using the equations described in the methods section.
The sonication conditions (5 g of sample with a 12.7 mm tip and setting 9) was not
performed due to the high temperature. When samples were sonicated under the
conditions, the temperature was increased (> 70 °C) and smokes came out; therefore,
the experiment could not perform. Among the HIU conditions, the highest absolute
power (W) was observed when HIU was applied using the biggest probe (12.7 mm)
with the highest power level (setting 9). With the same size of the probe, and same
power level, 250 g of SBO had 123.50 ± 2.38 W and while 100 g o SBO resulted in 121
± 2.28 W power, but the values were not significantly different (P > 0.05). Similar
results were observed for the other tip sizes where power (W) was mainly affected by
the size of the probe and mechanical energy generated by the oscillation of the HIU tip
(setting) but not by the amount of sample. The only exception to this was when a
smaller amount of sample was sonicated where in some cases the power generated was
lower (P < 0.05) as in the case of samples sonicated at setting 9 and 5 with the 3.2 mm
tip (Table 3-2). When less sample is used heat dissipation is reduced compared to the
one in a large amount of sample. The reduced heat dissipation is associated with an
increase in temperature and a reduction in viscosity of the oil; hence, lower power is
observed for a constant amplitude of vibration of the tip (setting level).
Power intensity is indicated as the amount of power the passes through a specific
area. A range of power intensity was reported between 0 to 1120 W/cm2. The highest
power intensity was observed in the conditions using 3.2 mm tip with setting 9 in
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different amounts of SBO (5, 100, and 250 g). Power intensity was statistically higher
when HIU was applied in higher amounts (100 and 250 g) of SBO compared to lower
amounts of 5 g (p < 0.05). However, power intensity was not highly correlated with the
absolute power (r = 0.386, P = 0.063). For power density, 5g of sonicated SBO had
higher power density than 100 and 250 g of sonicated SBO since power density is
expressed in Watts per unit volume of the sonicated samples (Jambrak et al., 2008).
Lowest power, power intensity, and power density were reported under the HIU
conditions using 2 mm tip with setting 1 regardless of the amounts of the SBO.

Table 3-2. Power (W), power intensity (W/cm2), and power density (W/cm3) of
soybean oil (SBO) calculated under various sonication conditions. Mean values and
standard error of mean labeled by different letters are significantly different ( =
0.05).

Conditions

Power (W)

250g 12.7mm tip set9
100g 12.7mm tip set9
100g 3.2mm tip set9
250g 3.2mm tip set9
5g 3.2mm tip set9
100g 12.7mm tip set5
250g 12.7mm tip set5
100g 3.2mm tip set5
250g 3.2mm tip set5
5g 3.2mm tip set5
250g 12.7mm tip set1
100g 12.7mm tip set1
250g 2mm tip set9
100g 2mm tip set9
5g 2mm tip set9
250g 2mm tip set5

123.50 ± 2.38a
121.00 ± 2.28a
88.50 ± 1.03b
85.00 ± 2.15b
71.25 ± 1.89c
63.00 ± 1.00d
63.00 ± 1.10d
40.50± 1.29e
36.00 ± 1.55e
30.00 ± 0.0f
19.00 ± 1.00g
18.50 ± 0.5g
18.50 ± 0.50g
15.00 ± 0.78gh
11.83 ± 0.17hi
7.50 ± 0.67ij

Power intensity
(W/cm2)
97.47 ± 1.88gh
95.50 ± 1.80gh
1120.25 ± 12.97a
1075.95 ± 27.15a
901.90 ± 23.89b
49.72h ± 0.79ij
49.72h ± 0.87ij
512.66 ± 16.26d
455.70 ± 19.61d
397.75 ± 0.0e
15.00 ± 0.79ij
14.60 ± 0.40ij
596.74 ± 16.13c
483.87 ± 24.99d
381.72 ± 5.38e
241.94 ± 21.64f

Power density
(W/cm3)
0.45 ± 0.01gh
1.11± 0.02d
0.81 ± 0.01ef
0.31 ± 0.01hij
13.07 ± 0.35a
0.58 ± 0.01fg
0.23 ± 0.0hijk
0.37 ± 0.01ghi
0.13 ± 0.01ijk
5.51 ± 0.0b
0.07 ± 0.0jk
0.17 ± 0.01hijk
0.07 ± 0.0jk
0.14 ± 0.01ijk
2.17 ± 0.03c
0.03 ± 0.0jk
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100g 2mm tip set5
100g 3.2mm tip set1
5g 3.2mm tip set1
250g 3.2mm tip set1
5g 2mm tip set5
5g 2mm tip set1
100g 2mm tip set1
250g 2mm tip set1

6.50 ± 0.50j
6.00 ± 0.0jk
5.50 ± 0.50jkl
5.50 ± 0.50jkl
4.17 ± 0.60jkl
0.00l
0.00l
0.00l

209.68 ± 16.13f
75.95 ± 0.00ghi
69.62 ± 6.33ghi
69.62 ± 6.33ghi
137.10 ± 19.42g
0.00j
0.00j
0.00j

0.06 ± 0.01jk
0.06 ± 0.0jk
1.01 ± 0.10de
0.02 ± 0.0jk
0.77 ± 0.11ef
0.00kl
0.00kl
0.00kl

Measurement of degree of oxidation : Peroxide value (PV) and oil stability index
(OSI)
Table 3-3 show the peroxide value (PV) and oil stability index (OSI) of nonsonicated SBO (control) and sonicated SBO processed under various HIU conditions.
Lipids with PV between 1 and 5 mEq/kg are considered to be in a low oxidation state;
between 5 and 10 mEq/kg are considered to be in an intermediate oxidation state. PV
above 10 mEq/kg reflect a high oxidation state (Moigradean et al, 2012). As shown in
Table 3-3, PV obtained were below 1 mEq/kg for all sonication conditions, indicating
that sonicated SBO does not oxidize during the HIU process. Regarding OSI value, no
significant difference between sonicated SBO and non-sonicated SBO was observed.
Therefore, these results indicate that HIU conditions used in this study do not affect to
oxidative stability of SBO.

Table 3-3. Peroxide value (PV) and oil stability index (OSI) of soybean oil (SBO) at
25 °C processed under various sonication conditions using 20kHz frequency. Mean
values and standard deviation were reported. The values labeled by the different
letters are significantly different ( = 0.05)
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Conditions
250 g 12.7mm tip set9
100 g 12.7mm tip set9
100 g 3.2mm tip set9
250 g 3.2mm tip set9
5 g 3.2mm tip set9
100 g 12.7mm set5
250 g 12.7mm tip set5
100 g 3.2mm tip set5
250g 3.2mm tip set5
5 g 3.2mm tip set5
250 g 12.7mm tip set1
100 g 12.7mm tip set1
250 g 2mm tip set9
100 g 2mm tip set9
5 g 2mm tip set9
250 g 2mm tip set5
100 g 2mm tip set5
100 g 3.2mm tip set1
5 g 3.2mm tip set1
250 g 3.2mm tip set1
5 g 2mm tip set5
5 g 2mm tip set1
100 g 2mm tip set1
250 g 2mm tip set1
Control

PV (meq/kg)
0.14 ± 0.06*
0.23 ± 0.14*
0.22 ±0.08*
0.09 ± 0.05*
0.15 ± 0.07*
0.24 ± 0.09*
0.24 ± 0.08*
0.37 ± 0.11*
0.18 ± 0.07*
0.02 ± 0.01*
0.28 ± 0.08*
0.32 ± 0.11*
0.34 ± 0.08*
0.22 ± 0.08*
0.21 ± 0.07*
0.23 ± 0.07*
0.05 ± 0.02*
0.26 ± 0.09*
0.10 ± 0.05*
0.19 ± 0.08*
0.18 ± 0.06*
0.17 ± 0.08*
0.06 ± 0.04*
0.21 ± 0.08*
0.24 ± 0.06*

OSI (h)
9.95 ± 0.19**
10.01 ± 0.14**
10.2 ± 0.05**
10.09 ± 0.06**
9.92 ± 0.08**
10.03 ± 0.09**
10.07 ± 0.13**
10.1 ± 0.04**
10.03 ± 0.10**
9.88 ± 0.05**
10.02 ± 0.11**
10.19 ± 0.04**
9.73 ± 0.14**
9.97 ± 0.06**
9.8 ± 0.05**
10.06 ± 0.07**
10.1 ± 0.05**
10.11 ± 0.05**
10.09 ± 0.05**
9.89 ± 0.18**
9.92 ± 0.07**
9.93 ± 0.09**
10.21 ± 0.06**
9.99 ± 0.07**
10.29 ± 0.01**

*There is no significant difference between samples.
**There is no significant difference between samples.

Volatile compounds
Table 3-4 shows the most prominent volatile compounds obtained by HSSPME/GC-MS: 3 aldehydes (hexanal, pentanal, and benzaldehyde), two ketones (2propanone and 2-butanone), one aromatic compound (toluene), one alcohol (1hexanol), and one acid (hexanoic acid). During the analysis, only seven HIU conditions
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were selected to measure the volatile compound analysis based on the more aggressive
sonication conditions.
Previous research has shown that volatile compounds related to lipid oxidation
from vegetable oils include n-pentane, 2-butanone, n-butanol, pentanal, pentanol,
hexanal, 2-heptanone, heptanal, 2-heptenal, 1-octen-3-ol, octanal, 2-nonanone,
nonanal, trans, trans-2,4- decadienal (Mildner-Szkudlarz et al., 2003; Jelen et al., 2000).
Among the compounds, aldehydes are commonly found in edible oils containing
linoleic acid such as SBO (Xiao et al., 2019; Shahidi, 2001). In our study volatile
aldehydes were detected as predominant volatile compounds in the sonicated samples.
Pentanal and hexanal are known as essential odor volatile compounds in edible oils,
imparting sensory aroma of pungent, almond, and malt from pentanal, and grass, rancid,
and green from hexanal (Xu et al., 2017). In the present study, the extracted pentanal
and hexanal were detected at a high in HIU conditions with 60 s of pulse duration, and
these had statistically higher than the control SBO (P < 0.05). However, the extracted
volatile compounds were relatively lower than the compounds previously reported
(Bubola et al., 2012; Kalula et al., 2006; Hwang et al., 2021). These results show that
the increase in the extracted volatile compound for a particular condition such as a long
pulse duration (60 s) was not sufficient to be translated into changes in PV and OSI
values. Similar results also showed in other volatile compounds, including
benzaldehyde, 2-butanone, and 2-propanone. The highest amounts of 2-propanone were
detected under the HIU conditions using 3.2 mm tip with setting 9 for 5 s in 250 g of
SBO; however, no statistical difference was observed in the compound compared to the
control sample.
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In general, the extracted volatile compounds were statistically increased with
HIU pulse duration compared to the control sample. In particular, the high amounts of
extracted volatiles were detected when HIU was applied in 100g of sample using 3.2
mm tip with setting 9 in all the volatile compounds. These results are in accordance
with the power intensity data (Table 3-2) since this is the condition that had the highest
power intensity (1,120.25 ± 12.9 W/cm2) among the other HIU conditions. Overall,
volatile compounds commonly associated with the oxidation of SBO were detected
during the volatile analysis for high power intensity values; however, the presence of
these volatile compounds found in this study was not translated into changes in
oxidation status (PV) nor oil stability (OSI) as previously shown. However, if we would
sonicate more than 60 s into the samples, it will likely increase the volatile compounds
associate with oxidation processes.

CONCLUSION

HIU was applied in SBO using varied sonication conditions to determine the
extent of oxidation in sonicated SBO. The highest absolute power (W) was observed
with the sonication condition with the biggest probe size and highest mechanical
energy, while the highest power intensity was reported with the HIU conditions with
3.2 mm using the highest mechanical energy (Setting 9). The result of PV, OSI, and
volatile compounds analysis showed that HIU did not affect the degree of oxidation in
sonicated SBO. It is important to note at this point that sonication conditions
employed to improve the physical properties of fats for food applications usually
consist of high-power levels (setting 9) and very short durations (10 s). Therefore, a
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sonication condition with a longer pulse duration (e.g., over 60 s) to the lipid system
might cause oxidation in the system.

Table 3-4 Extracted volatile compound (ng/g of oil) of sonicated and non-sonicated soybean oils processed under various sonication
conditions. Mean values and standard deviations were reported. The values labeled by the different letters are significantly different ( = 0.05)

250 g 3.2 mm set 9
100 g 12.7 mm set 9
100 g 3.2 mm set 1
100 g 3.2 mm set 5
100 g 3.2 mm set 9
5 g 3.2 mm set 5
5 g 2 mm set 9
Control
250 g 3.2 mm set 9
100 g 12.7 mm set 9
100 g 3.2 mm set 1
100 g 3.2 mm set 5
100 g 3.2 mm set 9
5 g 3.2 mm set 5
5 g 2 mm set 9
Control

2-Butanone (ng/g of oil)
5s
10 s
60 s
f,g
b,c,d,e
5.0 ± 0.2
13.7 ± 1.2
29.2 ± 5.9a,b,c,d,e
13.5 ± 7.4a,b,c,d,e,f
29.1 ± 2.0a,b,c,d,e
32.3 ± 10.5a,b,c
9.5 ± 6.6b,c,d,e,f,g
18.9 ± 9.2a,b,c,d,e 18.8 ± 10.2a,b,c,d,e
a,b,c,d,e,f
11.6 ± 2.5
28.1 ± 1.2a,b,c,d,e
21.7 ± 4.0a,b,c,d,e
17.9 ± 1.4a,b,c
23.5 ± 4.7a,b,c,d,e
40.3 ± 13.2a,b
d,e,f,g
b,c,d,e
7.1 ± 0.3
8.2 ± 0.4
21.5 ± 2.1a,b,c,d,e
7.0 ± 0.2d,e,f,g
4.6 ± 2.3e
14.2 ± 1.7b,c,d,e
1.0 ± 0.1g
Pentanal (ng/g of oil)
5s
10 s
60 s
6.0 ± 0.9c,d
5.6 ± 0.2c,d
6.1 ± 1.4c,d
6.3 ± 1.0c,d
6.2 ± 0.5c,d
8.7 ± 0.7a,b,c
a,b,c,d
a,b
8.1 ± 0.4
13.6 ± 4.6
9.9 ± 1.0a,b,c
8.5 ± 2.8a,b,c
6.9 ± 0.8c,d
10.1 ± 2.5a,b,c
6.9 ± 0.4c,d
11.4 ± 4.1a,b,c
14.4 ± 8.4a
a,b,c
a,b,c
8.5 ± 1.1
8.5 ± 0.5
13.5 ± 0.5a,b
11.4 ± 0.3a,b,c
7.2 ± 3.1b,c,d
8.5 ± 4.6a,b,c
d
1.8 ± 0.2
Hexanal (ng/g of oil)

2-Propanone (ng/g of oil)
5s
10 s
60 s
a
b,c,d,e
44.5 ± 39.7
13.7 ± 1.2
29.2 ± 5.9a,b,c,d,e
30.9 ± 4.6a,b,c,d
29.1 ± 2.0a,b,c,d,e
32.3 ± 10.5a,b,c
14.7 ± 12.3b,c,d,e
18.9 ± 9.2a,b,c,d,e 18.8 ± 10.2a,b,c,d,e
a,b,c,d,e
20.2 ± 8.9
28.1 ± 1.2a,b,c,d,e 21.7 ± 4.0a,b,c,d,e
32.7 ± 4.7a,b,c
23.5 ± 4.7a,b,c,d,e
40.3 ± 13.2a,b
b,c,d,e
b,c,d,e
8.4 ± 1.8
8.2 ± 0.4
21.5 ± 2.1a,b,c,d,e
6.5 ± 0.8d,e
4.6 ± 2.3e
14.2 ± 1.7b,c,d,e
33.0 ± 3.7a,b,c
Toluene (ng/g of oil)
5s
10 s
60 s
1.3 ± 0.3 e
1.0 ± 0.1 e
1.9 ± 0.6 e
11.2 ± 9.6b,c,d,e
8.3 ± 5.9b,c,d,e
12.7 ± 0.7b,c,d,e
b,c,d,e
a,b,c,d,e
10.1 ± 11.2
14.7 ± 8.2
15.0 ± 14.9a,b,c,d,e
15.0 ± 14.1a,b,c,d,e
18.1 ± 0.3a,b,c,d 16.0 ± 11.7a,b,c,d,e
30.6 ± 4.3a
20.1 ± 7.5a,b,c
24.5 ± 6.1a,b
e
d,e
1.5 ± 0.3
2.8 ± 0.1
7.8 ± 1.1c,d,e
1.9 ± 0.2d,e
1.5 ± 0.3 e
4.0 ± 1.5c,d,e
e
0.1 ± 0.0
1-Hexanol (ng/g of oil)
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250 g 3.2 mm set 9
100 g 12.7 mm set 9
100 g 3.2 mm set 1
100 g 3.2 mm set 5
100 g 3.2 mm set 9
5 g 3.2 mm set 5
5 g 2 mm set 9
Control
250 g 3.2 mm set 9
100 g 12.7 mm set 9
100 g 3.2 mm set 1
100 g 3.2 mm set 5
100 g 3.2 mm set 9
5 g 3.2 mm set 5
5 g 2 mm set 9
Control

5s
1.7 ± 0.3b
4.8 ± 1.3b
7.3 ± 2.2b
11.6 ± 1.6b
12.0 ± 1.3b
3.7 ± 0.8b
2.6 ± 0.6b

10 s
60 s
1.2 ± 0.0b
2.0 ± 0.4b
5.2 ± 1.6b
3.9 ± 0.6b
a,b
26.8 ± 21.7
15.0 ± 3.2b
7.4 ± 0.8b
13.5 ± 3.1b
b
18.5 ± 12.7
53.6 ± 50.3a
3.1 ± 0.6b
7.9 ± 0.6b
b
2.6 ± 0.6
4.9 ± 2.2b
1.0 ± 0.1b
Hexanoic acid (ng/g of oil)
5s
10 s
60 s
b
b
0.6 ± 0.1
0.6 ± 0.3
0.7 ± 0.1b
b
b
0.8 ± 0.1
1.3 ± 0.2
1.9 ± 0.5b
2.1 ± 0.9a,b
15.6 ± 11.9b
9.6 ± 3.7b
b
b
9.2 ± 8.3
1.9 ± 0.7
12.1 ± 9.7a,b
4.5 ± 3.7b
36.5 ± 39.0a
24.7 ± 24.5a,b
0.5 ± 0.1b
0.3 ± 0.1b
1.5 ± 0.6b
b
b
4.5 ± 0.1
0.6 ± 0.1
1.5 ± 1.3b
0.1 ± 0.0b

5s
0.8 ± 0.0b,c
0.6 ± 0.2b,c
1.1 ± 0.3b,c
1.4 ± 0.5b,c
1.4 ± 0.1b,c
0.6 ± 0.1b,c
0.9 ± 0.1b,c

10 s
60 s
0.6 ± 0.1b,c
0.7 ± 0.0b,c
0.6 ± 0.4b,c
0.8 ± 0.2b,c
b,c
1.9 ± 0.3
1.6 ± 0.2b,c
1.0 ± 0.1b,c
2.1 ± 0.9a,b
a
3.6 ± 2.7
1.8 ± 0.5b,c
0.7 ± 0.0b,c
0.9 ± 0.0b,c
b,c
0.8 ± 0.0
0.7 ± 0.5b,c
0.4 ± 0.0c
Benzaldehyde (ng/g of oil)
5s
10 s
60 s
d
d
0.5 ± 0.1
0.4 ± 0.1
0.5 ± 0.0d
c,d
c,d
0.7 ± 0.1
0.8 ± 0.2
1.6 ± 0.1b,c,d
0.9 ± 0.4c,d
2.4 ± 1.1a,b
1.7 ± 0.1b,c,d
b,c,d
c,d
1.3 ± 0.3
0.9 ± 0.1
1.8 ± 0.5b,c,d
1.1 ± 0.1b,c,d
1.6 ± 0.4b,c,d
3.4 ± 2.0a
0.5 ± 0.0 d
0.7 ± 0.0c,d
2.0 ± 0.2b,c
d
d
0.6 ± 0.0
0.5 ± 0.0
1.0 ± 0.2c,d
0.6 ± 0.2d
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CHAPTER 4
IMPACT OF HIGH-INTENSITY ULTRASOUND ON PHYSICAL PROPERTIES
AND DEGREE OF OXIDATION OF LIPASE MODIFIED MENHADEN OIL
WITH CAPRYLIC AND/OR STEARIC ACID

ABSTRACT

The purpose of this research was to determine the effect of high-intensity
ultrasound (HIU) on physical properties, degree of oxidation, and oxidative stability of
structured lipids (SLs). Caprylic acid (C) and stearic acid (S) were incorporated into
menhaden oil using Lipozyme® 435 lipase (L) to obtain five samples: 1) LC 20
(menhaden oil with 20% of C), 2) LC 30 (menhaden oil with 30% C), 3) LS 20
(menhaden oil with 20% S), 4) LS 30 (menhaden oil with 30% S), and 5) Blend C
(menhaden oil with 16.24 % C and 13.04 % S). Samples were crystallized for 90 min
at the following temperatures: 1) LC 20 at 15.5 °C, 2) LC 30 at 17.5 °C, 3) LS 20 at 24
°C, 4) LS 30 at 30 °C, and 5) Blend C at 18.0 °C, and HIU was applied at 6 min.
Physical properties, degree of oxidation, and oxidative stability were evaluated in
sonicated and non-sonicated samples. All SLs had statistically higher G’ after
sonication. Sonicated LS 30, LC 30, and Blend C had a higher melting enthalpy than
the non-sonicated ones, while enthalpy values in sonicated LS 20 and LC 20 samples
were not statistically different from the non-sonicated ones. No significant difference
between sonicated and non-sonicated samples was observed in peroxide values (1.2 ±
0.1 meq/kg, p > 0.05) and in the oxidative stability index (6.3 ± 0.2 h, p > 0.05). These
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results showed that HIU was effective at changing physical properties without affecting
the oxidation of the samples.

INTRODUCTION

Since the Food and Drug Administration (FDA) decides to eliminate the
Generally Recognized as Safe (GRAS) status of partially hydrogenated oils (PHOs), it
is necessary to develop alternative lipids with no PHO and low amounts of saturated
fatty acids (SFA). However, the elimination of PHO and the reduction of SFA in lipids
has been a challenge because these fatty acids play a significant role in providing
appropriate functional properties such as textural and physical properties of the fat and
fluffy and crumble textures with low oil migration in food products (Vieira et al., 2015).
Structured lipids (SLs) are lipids that are structurally modified using enzymes
or chemicals to change the position of fatty acids (FA) in the glycerol backbone (He et
al., 2018; Iwasaki and Yamane, 2000). These changes can be performed to improve the
nutritional properties of fats as well as to modify their physiochemical characteristics
(Xu et al., 2000; Mota et al., 2020). Among SLs, medium-long-medium (MLM)-type
SLs that contain medium chain fatty acids (MCFA) at the sn-1 and sn-3 positions, and
long chain fatty acids (LCFA) or essential fatty acids at the sn-2 position (Wang et al.,
2012; Rodriguez et al., 2012; He et al., 2018) are most common because these lipids
provide desirable health benefits on immune function, and nitrogen balance (Xu et al.,
2000; Rodriguez et al., 2012; DeMichele et al., 1988; DeMichele et al., 1989). MCFA
has desirable properties, including high oxidative stability and solubility, low melting
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points and viscosity, and small molecular size, as well as providing quick delivery of
energy (Lee and Akoh, 1998; Yue et al.,2019). Since MCFA cannot provide essential
fatty acids by itself, it is necessary to combine these fatty acids with LCFA to provide
beneficial health effects (Lee and Akoh, 1998; dos Santos et al., 2011). LCFA, such as
omega-3 (n-3) polyunsaturated fatty acids (PUFAs), contain eicosapentaenoic acid
(EPA, 20:5 n-3) and docosahexaenoic acid (DHA; 22:6 n-3) (Rodriguez et al., 2012)
and have been recognized as beneficial to human health by lowering the risk of
cardiovascular disease and depression (Shahidi and Ambigaipalan, 2018). PUFAs are
mainly found in seeds, nuts, and aquatic organisms, such as salmon, mackerel, and
menhaden (Shahidi and Ambigaipalan, 2018). In particular, menhaden oil has high
amounts of EPA and DHA at the sn-2 position, suggesting it may be used to produce
MLM type SLs with better health benefits (Willett et al., 2019). Since menhaden oil
has a low melting point (Yin and Sathivel, 2010), it is essential to use other LCFA such
as stearic acid to obtain desired physical properties. When creating new SLs, it is
important to understand their physiochemical properties such as crystallization
behavior, melting behavior, solid fat content (SFC), and oxidative stability (Guo et al.,
2020).
Lipid crystallization is important since crystals formed during processing and
storage provide important properties to fat-rich foods, including consistency and
plasticity, sensory properties (melting sensation in the mouth), and physical stability
(Foubert et al., 2007). For several years, ultrasound has been applied in the
crystallization of lipids (sono-crystallization) (Martini, 2017). Especially, highintensity ultrasound (HIU) (low frequency between 20-100kHz, high power levels
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between 10 -10,000 W/cm2) has been known to generate changes in crystal size,
hardness, melting behavior, and viscoelasticity, as well as to induce crystallization
(Martini, 2017; Khan et al., 2020). Previous research showed the effect of HIU on
physical properties in various lipids such as anhydrous milk fat (Suzuki et al., 2010;
Gregersen et al., 2019), interesterified soybean oil (Lee et al., 2018; Kadamne and
Martini, 2018), palm oil (Patrick et al., 2004; Ye and Martini, 2014; Chen et al., 2013).
Particularly, da Silva et al. (2019) and Kadamne et al. (2017 b) applied HIU on lipids
with low content of saturated fatty acids where small and more crystals were generated
by HIU were associated with generating harder and more elastic materials. However,
no studies were reported on the effect of HIU on SLs formulated with fish oil and LCFA
(stearic acid, C18:0) or MCFA (caprylic acid, C8:0). Therefore, the objective of this
research was to evaluate the effect of HIU on physical properties and oxidative stability
of SL prepared with menhaden oil and caprylic acid and/or stearic acid. In this study
we used samples provided by Willett et al. (2019) who enzymatically modified
menhaden oil incorporating caprylic and stearic acid using Lipozyme® 435. This
resulted in SLs with high amounts of polyunsaturated fatty acids, low amounts of
saturated fatty acids and a melting point between 25 and 35 °C. Five different structured
lipids were tested with and without application of HIU. Physical properties such as solid
fat content (SFC), crystal morphology, melting behavior, elasticity (G’) were measured,
and peroxide value (PV) and oil stability index (OSI) were measured to determine the
oxidative stability.

MATERIALS AND METHODS
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Materials
Structure lipids (SLs) were produced by enzymatically modifying menhaden oil
with caprylic acid (C8:0) (C), and stearic acid (C18:0) (S) using Lipozyme ® 435 (L),
which is a food grade recombinant lipase. The acidolysis reactions were performed in
Dr. Akoh’s laboratory at the University of Georgia according to the methods outlined
in previous work (Willett et al., 2019). Five grams of menhaden oil were mixed with
caprylic acid or stearic acid, then Lipozyme ® 435 was added at 10% total weight of a
substrate selected based on previous studies (Jennings and Akoh, 2001). Samples were
received and immediately frozen at -80 °C until further use. In this study, samples will
be referred to as: 1) LC 20: SL of menhaden oil with 20 % of caprylic acid; 2) LC 30:
SL of menhaden oil with 30 % of caprylic acid; 3) LS 20: SL of menhaden oil with 20
% of stearic acid; 4) LS 30: SL of menhaden oil with 30 % of stearic acid; and 5) Blend
C: SL of menhaden oil with 16.24 % caprylic acid and 13.04 % stearic acid. Fatty acid
composition analysis of these blends is shown in Table 4-1 and discussed by Willett et
al. (2019).

Table 4-1. Fatty acid composition of LC 20, LC 30, LS 20, LS 30, and Blend C.
(Reprinted from JAOCS, Vol 96. Willett, S. A., Martini, S., and Akoh, C.C.
Enzymatic Modification of Menhaden Oil to Incorporate Caprylic and/or Stearic
Acid, P 761-775, Copyright 2019, with permission from Wiley and Sons).
Samples

Fatty acid (mol%)*
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8:0

18:0

20:5n3

22:6n3

LC 20

19.34 ± 2.06

2.81 ± 0.14

15.84 ± 0.54

11.04 ± 0.13

LC 30

29.03 ± 1.37

2.74 ± 0.10

13.61 ± 0.38

10.42 ± 0.03

LS 20

ND

19.50 ± 0.23

14.16 ± 0.11

14.62 ± 0.39

LS 30

ND

29.71 ± 0.58

14.04 ± 1.66

12.46 ± 0.41

Blend C

16.24 ± 0.56

13.04 ± 0.10

13.87 ± 0.26

12.50 ± 0.20

Mean value ± standard deviation is shown.
ND, not detected.
*Other fatty acids found at >1 mol%: 14:0, 16:0, 16:1n7, 17:1n7, 18:1n9, 18:2n6,
20:0, 18:4n3, 22:5n3, and <1 mol%: 13:0, 14:1n7, 15:0, 17:0, 19:0, 18:3n6, 20:1n9,
18:3n3, 20:2n6, 22:0, 20:3n6, 20:3n3, 23:0, 22:2n6, 24:1n9, and 22:4n6.

Methods
Melting point
The melting point of the SLs was measured using differential scanning
calorimetry (TA Instruments, New Castle, DE, USA). Samples were completely
melted in a water bath before they were used. A 10-20 mg of sample was placed in a
DSC pan, sealed with a DSC lid, and placed in the DSC oven. Samples were kept at
25 °C for 1 min, melted by increasing the temperature to 50 °C and held at this
temperature for 30 min to remove crystal memory. A temperature of 50 °C was
chosen to melt the sample while minimizing oxidative deterioration in the samples.
Samples were cooled to -20 °C at the rate of 5 °C/min and kept at this temperature for
90 min to complete crystallization (Kerr et al., 2011). Subsequently, samples were
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melted to 80 °C at 5 °C/min. The last peak temperature at the end of the melting curve
was used to determine the melting point (Kerr et al., 2011). The DSC data was
evaluated by TA Universal analysis 2000 software. Measurement was performed in
triplicate, and mean value and standard deviation of melting point are reported in
Table 4-2.
Table 4-2. Overview of HIU conditions, crystallization temperatures (T c), melting
enthalpy (△H), melting temperatures (Tm) and driving force of the crystallization (Ø)
Samples

HIU conditions

Tc (°C)

△H (J/g)

Tm (°C)

Ø
(J/g)

LC 20

Level 2 10 s pulse on/off (12W)

15.5

17.5 ± 0.4d

21.5 ± 0.1e

4.9

LC 30

Level 1 10 s pulse on/off (8W)

17.5

18.3 ± 0.5d

23.5 ± 0.3d

4.7

LS 20

Level 2 10 s (12W)

24.0

31.5 ± 1.2b

33.4 ± 0.5b

8.9

LS 30

Level 2 10 s (12W)

30.0

45.8 ± 1.2 a

39.3 ± 1.1a

10.8

Blend C

Level 2 10 s pulse on/off (12W)

18.0

25.6 ± 1.7c

28.6 ± 0.4c

9.5

HIU conditions: level 1 indicates 6 W and level 2 indicates 12 W of power.

Crystallization experiment and HIU application
Samples stored at -20 °C were heated for over an hour in a water bath (LC 20:
33 °C; LC 30: 35 °C, LS 20: 38 °C; LS 30: 47 °C; and Blend C: 37 °C) until the
samples were melted entirely, weighed on a scale (30 g) and transferred to a
crystallization cell (5 cm x 9 cm, diameter x height) connected with an external water
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bath set at the temperatures mentioned above. The samples in the crystallization cell
were stirred at 100 rpm using a magnetic stirrer to increase heat transfer and left until
they reached the temperature. As soon as the sample reached the temperature, the
sample was left at this temperature for 30 min to remove crystal memory. After 30
min, the crystallization cell was disconnected from the water bath and connected to a
different water bath set at crystallization temperature. The crystallization temperature
(Tc) of each sample is shown in Table 4-2. Each crystallization temperature was
chosen to represent conditions where the effect of HIU was significant at changing
physical properties while avoiding the melting of crystals, which can occur if
sonication conditions are too harsh. As soon as the crystallization cell was connected
to the different water bath, agitation was applied (100 rpm) and a timer was started.
This time point was considered time zero. Agitation was stopped at 5 min, and HIU
was applied (20 kHz, 3.2 mm - diameter tip, 10 s) for LC 20 and LC 30 at 6 min, for
LS 20 and LS 30 at 15 min, and Blend C at 8 min using a Misonix S-3000 sonicator
(Misonix Inc., NY, USA). Previous studies (da Silva et al., 2019; Kadamne and
Martini, 2018; Ye et al., 2011) showed that the effect of HIU is significant at inducing
crystallization when applied in the presence of a small number of crystals (onset of
crystallization). Thus, when the sample showed slight turbidity, HIU was applied at
times described above. The sample continued to crystallize for 90 min. Table 4-2
provides an overview of HIU conditions, crystallization temperatures (Tc (°C)),
melting enthalpy (△H (J/g)), melting temperatures (Tm (°C)), and driving force (Ø) of
the crystallization used for each sample. The driving force was calculated using the
following equation [1].
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Driving force (∅) =

∆𝐻×(𝑇𝑚 −𝑇𝑐 )
𝑇𝑚

[1]

Where ∆𝐻 indicates the change in enthalpy (J/g) associated with the melting process;
Tm is the melting point of the sample (°C); and Tc is the crystallization temperature of
the sample (°C) (Kadamne et al., 2017b).
After crystallization, physical properties were measured using a TD-NMR for
solid fat content, differential scanning calorimeter (DSC) for melting behavior,
rheometer for G’ (storage modulus), and a polarized light microscope (PLM) for
crystal microstructure. For oxidative stability, peroxide value (PV) was measured
using a spectrophotometer, and the oil stability index (OSI) was measured using a
Rancimat. Each crystallization experiment (without and with application of HIU) was
performed in triplicate.

Solid Fat Content (SFC)
A TD-NMR (Bruker, Rheinstetten, Germany) was used to measure the solid
fat content (SFC) of the sample. After 90 min of crystallization, samples were
immediately placed in NMR tubes using a plastic pipettor to fill them up to
approximately 2 cm. SFC was measured immediately while the sample was still at
crystallization temperature. Three tubes for each experimental replicate were used.

Crystal morphology
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Crystal morphology of the sample was obtained after 90 min of crystallization
using a polarized light microscope (PLM-Olympus BX 41, Tokyo, Japan) equipped
with a digital camera (Infinity 2, Lumenera Scientific, Ottawa, ON, Canada). A drop
of the sample was placed on a slide, covered with a cover slide, and placed on the
microscope stage to measure the crystal morphology using a 10X lens. The
measurement was performed in duplicate for each run.

Melting characteristics
Melting behavior of the samples was measured after 90 min of crystallization
using a differential scanning calorimeter (DSC, TA Instruments, New Castle, DE,
USA). An aliquot of the sample (10-20 mg) was placed on a Tzero hermetic pan,
covered with a Tzero hermetic lid and placed into the DSC oven at crystallization
temperature (LC 20 at 15.5 °C, LC 30 at 17.5 °C, LS 20 at 24.0 °C, LS 30 at 30.0 °C
and Blend C at 18.0 °C). The samples were kept at the crystallization temperature for
1 min and heated up to 60 °C at the rate of 5 °C min-1. A 50 ml/min of nitrogen gas
purge flow was used. The melting behavior was quantified using the onset
temperature (Ton), peak temperature (Tp), and the change in enthalpy associated with
the melting process. These parameters were calculated using TA instruments
Universal analysis 2000 software (TA Instruments, New Castle, DE). The
measurement was performed in duplicate for each run.

Storage modulus (G’)
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Storage modulus (G’) was measured using an AR-G2 magnetic bearing
Rheometer (TA Instruments, New Castle, DE, USA) with a 40 mm diameter of
parallel plate geometry. Samples were slightly stirred to generate a homogenous
sample, and a tablespoon of the sample was placed on the plate. The plate was set at
crystallization temperature, and the gap was set between 300 to 1000 μm depending
on the state of samples. G’ was measured using a strain sweep step oscillatory
procedure with the strain sweep between 0.0008 and 10 %. G’ value was reported at
0.01 % strain since it represents an intermediate value of the linear viscoelastic region
(LVR), which occurred between 0.001 and 0.1% strain. The data were obtained using
Rheology Advantage data analysis software (TA Instruments, New Castle, DE). The
measurement was performed in triplicate for each run.

Degree of oxidation and oxidative stability
The degree of oxidation and the oxidative stability of samples was determined
using peroxide value (PV) and oil stability index (OSI). The PV of the sonicated and
non-sonicated samples was determined using the international dairy federation (IDF)
standard method, as described by Shantha and Decker (1994). An iron (Ⅱ) solution
(0.4 g barium chloride dihydrate dissolved in 50 ml of distilled water) was added and
stirred constantly to an iron (Ⅱ) sulfate solution (0.5 g FeSO4·7H20 dissolved in 50
ml of distilled water) to prepare the iron (Ⅱ) solution. A 2 mL of 10 N hydrochloric
acid was added to the solution, filtered off the barium sulfate participate and
transferred to a brown bottle. A 30 g ammonium thiocyanate solution was transferred
to a volumetric flask (100 ml) and dissolved in water. For the measurement, the
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sample (0.01- 0.02 g) was mixed with 9.8 mL of chloroform-methanol (7 +3, v/v) in a
glass tube using a vortex for 2 - 4 s. Subsequently, ammonium thiocyanate solution
(50 µL) was added and mixed on a vortex mixer for 2 - 4 s, and the same amount of
filtered iron (Ⅱ) solution was added and mixed on a vortex mixer for 2-4 s. The
solutions were incubated for 5 min at 25 °C. After the incubation, the samples were
transferred to a glass cuvette and the PV was measured at 500 nm of absorbance using
a spectrophotometer (UV 2600, Shimadzu). The PV was calculated using the
following equation [2]:
PV (milliequivalent peroxide / kg of sample) =

(𝐴𝑠 −𝐴𝑏 )
55.84 ×2×𝑚×𝑚𝑜

[2]

where As = absorbance of the sample; Ab = absorbance of the blank; 55.84 is the
atomic weight of Fe; 2 = the factor to convert milliequivalents of Fe to
milliequivalents of peroxide; m = slope; and m0 = mass in g of the sample (Shantha
and Decker, 1994; Hornero-Méndez et al., 2001).
Oil stability index (OSI) of sonicated and non-sonicated samples was
measured using a Rancimat (Metrohm, 892 professional Rancimat) following the
AOCS Official Method (Cd 12b-92). Samples (5g) were placed in reaction vessel (2.4
cm x 15 cm, diameter x height). Distilled water (50 ml) was used to fill up the
conductivity measuring cell and placed in the Rancimat. The sample was oxidized at
110 °C for LS 30 and at 80 °C for LC 20, LC 30, LS 20, and Blend C with 20 h/L of
air flow. For each experimental replicate PV was measured in quadruplicate, and OSI
was measured in duplicate.
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Statistical Analysis
Results were analyzed using a two-way ANOVA (Multiple comparisons), and
paired t-test (for Blend C) using GraphPad Prism 8 (San Diego, CA, USA) to evaluate
significant difference (α = 0.05) between sonicated and non-sonicated samples. Data
were reported as mean value and standard error of the means.

RESULTS AND DISCUSSION

Melting point
In Table 4-2, the melting point (MP) of the LC 20 and 30 was 21.5 ± 0.1 and
23.5 ± 0.3 °C, respectively. The MP of LS 20 was 33.4 ± 0.5 °C, the MP of LS 30 was
39.3 ± 1.1 °C, and the melting point of Blend C was 28.6 ± 0.4 °C. These MP of
samples were significantly different from each other (P < 0.05). The melting point of
the sample was associated with the types of fat incorporated into the SLs, and
triacylglycerol (TAG) composition (Vieira et al., 2015; Narine and Marangoni, 1999).
Therefore, the SLs with 30 mol%, particularly, LS 30 had the highest melting point
among the other SLs due to a higher percentage of stearic acid (C 18:0). The melting
enthalpy of LC 20 and LC 30 samples were 17.5 J/g and 18.3 J/g, respectively, which
were not statistically different (P > 0.05). However, these values were statistically
lower (p < 0.05) from other SLs (31.5 J/g, 45.8 J/g, and 25.6 J/g for LS 20, LS 30, and
Blend C, respectively).
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Solid fat content (SFC)
Table 4-3 shows the SFC of SLs (LC 20, LC 30, LS 20, LS 30, and Blend C)
with and without application of HIU. After 90 min of crystallization, low SFC values
were obtained in LC samples (LC 20 and 30) and Blend C samples (1.2, 1.2, and 2.7
%, respectively). Compared to these samples, high SFC values were observed in LS
samples (LS 20 and 30) (4.7 and 5.9 %, respectively). With sonication, no significant
change was observed in the SFC values of sonicated and non-sonicated SLs except for
the LC 20 samples. Sonicated LC 20 were statistically lower than non-sonicated LC 20
samples (p < 0.05).
Table 4-3. Solid fat content (SFC, %) of LC 20, LC 30, LS 20, LS 30, and Blend C
after 90 min of crystallization with (w HIU) and without (wo HIU) application of HIU

Solid Fat Content (%)
wo HIU

w HIU

LC 20 (at 15.5 °C)

1.2 ± 0.1a

0.9 ± 0.1b

LC 30 (at 17.5 °C)

1.2 ± 0.2a

1.1 ± 0.1a,b

LS 20 (at 24.0 °C)

4.7 ± 0.1b

4.9 ± 0.1b

LS 30 (at 30.0 °C)

5.9 ± 0.7a,b

6.3 ± 0.1a

Blend C (at 18.0 °C)

2.7 ± 0.1a

2.5 ± 0.1a

Mean value ± standard error of means is shown.
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Within each type of sample (LC, LS, and Blend C) values with different superscripts
are significantly different (p < 0.05).

Compared to LC samples, LS samples had a higher SFC in sonicated samples
as well. Generally, the chain length and the degree of saturation in fatty acids affect
SFC values (Guo et al., 2020). Since LS 30 samples contain more stearic acid (C18:0),
which has a longer chain length and higher melting point than caprylic acid (C8:0), the
LS 30 samples had a higher SFC than the LS 20 samples and were also higher than the
LC samples as discussed before. Similar results were reported by Narine and Humphrey
(2004). The SFC values in Blend C sample were higher than those observed for LC
samples but lower than those observed for LS samples. This can be explained by the
TAG composition of the samples. While LC samples have between 19 and 29% of
caprylic acid and only approximately 3% of stearic acid, LS samples had between 20
and 30% of stearic acid. Blend C had intermediate values of caprylic acid (~16%) and
stearic acid (~13%) (Willett et al., 2019), which indicates that the Blend C sample is an
intermediate sample between LC and LS samples. Thus, the SFC of Blend C was higher
than LC samples, while it has a lower value than LS samples. Overall, the results
showed that HIU does not generate more solid fat in samples since the SFC in all
sonicated samples was not statistically higher than in non-sonicated samples.

Crystal morphology and visual appearance
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Crystal morphology and visual appearance of SLs obtained after 90 min of
crystallization with and without HIU application are shown in Figures 4-1 and 4-2,
respectively. The bright spots indicate fat crystals, while the dark background
represents the liquid fat. In Figure 1, non-sonicated LC samples (LC 20 and 30), LS
30, and Blend C showed few crystals after 90 min of crystallization upon visual
observation. Large and spherulite-shaped crystals were observed in the non-sonicated
LC samples and LS 30, while Blend C had small and spherulite-shaped crystals. On the
other hand, non-sonicated LS 20 samples had smaller and more crystals. After applying
HIU, crystal morphology changed significantly, showing an increase in the number of
crystals in all samples. Sonicated LC samples showed more needle-like crystals and
increased number of crystals after 90 min of crystallization; however, the liquid sample
was still observed as a dark background. This is an interesting result because although
HIU was not effective in generating more solid fat in SLs as shown in SFC results, we
still see an increase in the number of crystals in sonicated SLs. Similar results were also
observed in previous research (Kadamne et al., 2017 a). LS samples (LS 20 and LS 30)
and Blend C samples showed higher number of smaller crystals; particularly, a more
tightly packed crystalline network was observed in LS samples. Even though sonication
increased the number of crystals in SLs, HIU was not as effective in LC samples
compared to the LS samples, suggesting that HIU was more effective on the samples
containing stearic acid (C 18:0). The results can be explained by the higher SFC values
of LS samples compared to the LC samples (Table 3).
As observed in Figure 4-2, non-sonicated LC samples (LC 20 and 30) and Blend
C sample were visually softer, which showed a more liquid state. LS samples had a
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more semi-solid appearance, showing slightly thick consistency. After sonication, more
solid-like materials were generated after 90 min of crystallization. Sonicated LC and
Blend C samples were still more liquid, but the samples were more viscous than the
non-sonicated samples. LS samples formed a solid material that did not flow out from
an inverted spoon. This can be associated with crystal morphology results since small,
well-organized, and tightly packed crystals provide better structure in lipids (da Silva
and Martini, 2020).

Figure 4-1. Crystal morphology of SLs (LC 20, LC 30, LS 20, LS 30, and Blend C)
after 90 min of crystallization with (w HIU) and without (wo HIU) application of HIU

LS 20

LC 30

LC 20

wo HIU

w HIU

Blend C

LS 30
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Figure 4-2. Visual appearance of SLs (LC 20, LC 30, LS 20, LS 30, and Blend C) after
90 min of crystallization with (w HIU) and without (wo HIU) application of HIU
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Melting characteristics
Figure 4-3, 4-4, and 4-5 show the melting enthalpy, peak temperature (Tp) and
melting profile of SLs, respectively. The onset temperature could not be determined
since the temperature fell outside of peak limits. The melting enthalpy is related to the
number of crystals and energy absorbed during the melting process (Kadamne et al.,
2017a). Moreover, the melting profile provides information on crystallization
behavior of lipids regarding the melting temperature, and fractions (Gregersen et al.,
2019). In Figure 4-3a and 4-4a, the melting enthalpy and Tp of sonicated and nonsonicated LC 20 were not statistically different (p > 0.05). Sonicated LC 20 had a
slightly lower melting enthalpy than non-sonicated LC 20; however, the difference
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was not statistically significant (p > 0.05). Figure 4-5a showed that sonicated and nonsonicated LC 20 had a similar melting profile. Even though more crystals were
observed in sonicated LC 20 (Figure 4-1), there was no statistical difference in the
melting enthalpy of sonicated and non-sonicated ones. This can be explained by the
low SFC observed in sonicated and non-sonicated LC 20 (Table 4-3). Kadamne et al.
(2017a) reported similar results where sonicated interesterified lipids contained more
crystals than the non-sonicated ones. However, the enthalpy of the sample was not
different in sonicated, and non-sonicated samples since no difference in SFC value
was observed in sonicated and non-sonicated samples. Non-sonicated LC 30 had the
lowest enthalpy (0.7 ± 0.1 J/g), while the highest enthalpy was observed in sonicated
LC 30 (2.8 ± 0.1 J/g). The Tp value of non-sonicated LC 30 was statistically higher
than the sonicated ones (p < 0.05). These results can also be found in Figure 4-5a.
Sonicated LC 30 showed a sharper and narrow peak, while non-sonicated LC 30 had a
broader peak. These results suggest that HIU promoted co-crystallization of
triacylglycerols (TAG), especially those with low melting points (Giacomozzi et al.,
2020; Ye and Martini, 2014). Overall, HIU did not affect LC 20 samples due to low
amounts of SFA compared to LC 30.
LS samples showed similar melting characteristics as LC samples. There was
no significant difference in melting enthalpy of sonicated and non-sonicated LS 20 (4.6
± 0.1 J/g, and 4.1 ± 0.1 J/g, respectively); however, the Tp of sonicated LS 20 was
statistically lower than the non-sonicated ones (p < 0.05) (Figure 4-4b). The melting
enthalpy of sonicated and non-sonicated LS 30 was 8.2 ± 0.4 J/g and 6.4 ± 0.2 J/g,
respectively, and the sonicated LS 30 was statistically higher than the non-sonicated LS
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30 (p < 0.05). The Tp of sonicated and non-sonicated LS 30 was significantly different
(p < 0.05) after 90 min of crystallization. The two different samples (LS 20 and LS 30)
had similar melting profiles in Figure 4-5b. Sonicated LS 20 and 30 had sharper melting
profiles than the non-sonicated LS 20 and 30 due to the co-crystallization of TAG as
described above. Sonicated Blend C had statistically higher melting enthalpy (4.5 ± 0.1
J/g) than the non-sonicated Blend C (3.1 ± 0.2 J/g), while the Tp of sonicated and nonsonicated was not significantly different. This lack of difference in Tp was also observed
in the melting profile, as seen in Figure 4-5c. Overall, the effect of HIU was more
pronounced in LC 30, LS 20, LS 30, and Blend C samples.
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Figure 4-3. Melting enthalpy (H ) of (a) LC, (b) LS, and (c) Blend C samples after 90
min of crystallization with (w HIU) and without (wo HIU) application of HIU
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Figure 4-4. Melting peak temperature (Tp) of (a) LC, (b) LS, and (c) Blend C samples
after 90 min of crystallization with (w HIU) and without (wo HIU) application of HIU
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Figure 4-5. Melting profile of (a) LC, (b) LS, and (c) Blend C samples after 90 min of
crystallization with (w HIU) and without (wo HIU) application of HIU
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Elasticity or storage modulus (G’)
The elasticity (G’) of SLs crystallized with and without application of HIU are
shown in Figure 4-6. Figure 4-6a and 4-6b were plotted using a linear scale in the yaxis, while Figure 4-6c was plotted using a logarithmic scale for better resolution. In
Figure 4-6a, sonicated LC samples had a statistically higher G’ value than nonsonicated LC samples. Sonicated LC 20 and LC 30 was 603 ± 34 Pa, and 220 ± 38 Pa,
while non-sonicated LC 20 and 30 was 180 ± 14 Pa, and 70 ± 22 Pa after 90 min of
crystallization. The effect of HIU was most significant in LC 20 since it generated
more elastic material among the LC samples. This is an interesting result since LC 20
sample contained lower amounts of caprylic acid (20 mol%) but has a higher G’ value
than the samples containing 30 % of caprylic acid (LC 30) in both sonicated and nonsonicated samples. This could be explained by the different crystallization
temperatures and different sonication conditions used in the experiments used for LC
20 and LC 30 samples. As mentioned previously, these different crystallization
temperatures were chosen for LC samples where HIU can significantly change
physical properties when applied at the onset of crystallization. Hence, LC 20 sample
was crystallized at a lower temperature than LC 30 sample. Higher power levels as
the ones used in LC 20 (12 W) were not applied to the LC 30 samples because
crystals in LC 30 samples would melt under these conditions. Therefore, the
combination of these two processing conditions (crystallization temperature and
higher power level) could have resulted in a more elastic material in LC 20 sample
compared to LC 30.
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An increase in G’ value in sonicated LS samples was observed after 90 min of
crystallization (Figure 4-6b). Sonicated LS 20 and 30 were statistically higher than nonsonicated LS 20 and 30 (p < 0.05), moreover, the highest G’ was obtained in the
sonicated LS 30 sample (61,570 ± 4,085 Pa). The high G’ value can be explained by
smaller, and more crystals observed, as previously discussed in the microstructure
section. Several studies showed smaller, and more crystals associated with increased
rheological properties, including G’ (Kadamne et al., 2017a, 2017b, Ye et al., 2011).
LS 30 sample has a higher driving force (10.8 J/g) than LS 20 samples (8.9 J/g) (Table
2), explaining the higher G’ value obtained in LS 30 sample after 90 min of
crystallization. The effect of HIU was also significant on Blend C sample with an
increase of two orders of magnitude in G’ for the sonicated Blend C. The G’ value for
the non-sonicated Blend C was 13 ± 4 Pa, while the value for the sonicated Blend C
was 1,542 ± 115 Pa (p < 0.05). The G’ of LC samples and Blend C samples were lower
than the G’ of LS samples in both sonicated and non-sonicated conditions. These results
were obtained since LC samples and Blend C samples had lower SFC values compared
to the ones obtained for LS samples. In conclusion, sonication was significantly
effective in increasing G’ in all SLs.
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Figure 4-6. Storage modulus (G’) of (a) LC, (b) LS, and (c) Blend C after 90 min of
crystallization with (w HIU) and without (wo HIU) application of HIU
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Degree of oxidation and oxidation stability
Tables 4-4 and 4-5 show peroxide values (PV) and oil stability (OSI) of SLs
crystallized with and without application of sonication after 90 min of crystallization.
The PV is the most common method to determine hydroperoxides, which is
considered a primary indicator of oxidation in edible oils (Wang et al., 2016; Shahidi
and Zhong, 2010). A PV between 1 to 5 meq/kg is defined as low oxidation, between
5-10 meq/kg is determined as a moderate oxidation state, and higher than 10 meq/kg
is classified as high oxidation (Moigradean et al., 2012). PVs obtained for nonsonicated SLs ranged between 1.01 – 1.50 meq/kg after 90 min of crystallization,
determining a low oxidation state. This low degree of oxidation is likely due to the
susceptibility of polyunsaturated fatty acids in SLs. After applying HIU, PVs were
0.87 – 2.12 meq/kg, which was not statistically different from the PV obtained for
non-sonicated SLs. These results show that HIU did not induce oxidation in SLs
during sonication.
A similar trend was observed in the OSI results (Table 5). The Rancimat test
provides the OSI or induction period, which indicates the time elapsed until rapid
oxidation is observed in edible oils (Farhoosh, 2007). As explained in the materials
and methods section, LS 30 and other SLs cannot be directly compared since the OSI
values were measured under different conditions; therefore, statistical differences
were evaluated with different superscripts (upper case letter and lower case letter).
OSI values of non-sonicated SLs ranged between 4.3 - 8.5 hours, and the highest OSI
was observed in Blend C sample which can be explained by the chemical composition
of the sample (Table 4-1, Willett et al., 2019). Higher content of saturated fatty acids
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showed higher OSI values than the SLs with lower content of saturated fatty acids
indicating that samples with higher content of saturated fatty acids had greater
oxidative stability. After sonication, there was no significant difference in OSI of
sonicated and non-sonicated samples (p > 0.05). The OSI of non-sonicated and
sonicated LS 30 was not statistically different (p > 0.05). These results indicated that
HIU did not affect the oxidative stability of the samples.

Table 4-4. Peroxide value (PV) of LC 20, LC 30, LS 20, LS 30, and Blend C after 90
min of crystallization with (w HIU) and without (wo HIU) application of HIU
milli-equivalents per kilogram (meq/kg)
wo HIU

w HIU

LC 20

1.50 ± 0.25a,b

2.12 ± 0.30a

LC 30

1.01 ± 0.10b

1.27 ± 0.24a,b

LS 20

1.17 ± 0.20a

1.29 ± 0.21a

LS 30

1.01 ± 0.23a

0.87 ± 0.16a

Blend C

1.11 ± 0.25a

1.12 ± 0.18a

Mean value ± standard error of means is shown.
Within each type of sample (LC, LS, and Blend C) values with different superscripts
are significantly different (p < 0.05).
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Table 4-5. Oil Stability Index (OSI) of LC 20, LC 30, LS 20, LS 30, and Blend C
after 90 min of crystallization with (w HIU) and without (wo HIU) application of HIU
Oil Stability Index (OSI) (hours)
wo HIU

w HIU

LC 20

4.3 ± 0.8c

4.0 ± 0.1c

LC 30

6.3 ± 0.0a,b,c

7.2 ± 0.1a,b

LS 20

5.1 ± 0.1b,c

4.3 ± 0.3c

LS 30

7.5 ± 0.0A

7.2 ± 0.1A

Blend C

8.5 ± 0.9a

8.4 ± 0.2a

Mean value ± standard error of means is shown.
Values with different lower-case letters are significantly different (p < 0.05) for
samples LC 20, LC 30, LS 20, and Blend C. Within LS 30 values with different
uppercase letters are significantly different (p < 0.05).

CONCLUSION

In this study, HIU significantly impacted the physical properties of SLs
including G’, melting behavior, and crystal morphology without causing oxidation.
The effect of HIU was more significant in LS 30 samples than the other SLs since the
sample contained high amounts of stearic acid (30 mol%) in comparison to the other
samples. These results suggest that HIU can be used to improve the physical
properties of structured lipids made with menhaden oil with high levels of omega 3
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fatty acids and with low levels of saturated fatty acids without affecting the degree of
oxidation or oxidative stability.
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CHAPTER 5

EFFECT OF STRAGE TIME ON PHYSICAL PROPERTIES OF
SONOCRYSTALLIZED ALL-PURPOSE SHORTENING1

ABSTRACT

The purpose of this study was to determine the effect of high-intensity
ultrasound (HIU) on the physical properties of an all-purpose shortening and to evaluate
how these properties changed during storage (48 h; 4, 12, and 24 weeks) at 5 °C and 25
°C. Samples were crystallized at 30 °C for 60 min with and without the application of
HIU (20 kHz; 3.2 mm-diameter tip, 168 μm amplitude, 10 s). After crystallization,
physical properties, such as hardness, elasticity, melting behavior, and solid fat content
(SFC), were measured. These properties were also measured during storage. The effect
of HIU was significant in changing the SFC, hardness, G’ and G”, melting enthalpy,
and microstructure of the samples. After 60 min of crystallization, the sonicated
samples had higher values of SFC, elasticity and melting enthalpy than the ones
obtained without sonication (P < 0.05). Changes in these physical properties were
associated with the microstructure of the samples since sonication generated smaller,
more uniformly sized crystals as well as increased the number of crystals. No

1

Journal of Food Science, Effect of storage time on physical properties of
sonocrystallized all-purpose shortening, Volume 85, October, 2020, 3391-3399, Lee
J, Marsh M, and Martini S. (original copyright notice as given in the publication in
which the material was originally published) "With permission of John Wiley and
Sons”
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differences were observed in the G’ of the sonicated samples stored at 25 °C as a
function of storage period. The G’ of the non-sonicated samples increased until 12
weeks of storage and was maintained up to 24 weeks, suggesting that sonication speed
up the formation of a stable crystalline network. Samples stored at 5 °C showed higher
value in hardness, G’ and G”, and SFC than the ones stored at 25 °C.

INTRODUCTION

Shortenings have been used in various foods, such as baked goods,
confectionary products, or fried foods, because they provide soft texture, delicate
flavor, and stability during storage and improved shelf-life (Litwinenkoa et al., 2002;
Mert and Demirkesen, 2016). Shortenings are made from mixtures of fully or partially
hydrogenated oils or animal fats, emulsifiers, and other food additives (Narine and
Humphrey, 2003), and typically soybean oil, palm oil, canola oil, lard, and tallow are
used (Humphrey and Narine, 2003). Among the lipids, palm oil is the most commonly
used in the food industry via various processes, such as interesterification, fractionation,
or blending, due to its unique characteristics (Nor Aini and Miskandar, 2007; Omar et
al., 2015). Palm oil contains a balanced amount of unsaturated and saturated fatty acids
(mainly oleic and palmitic acid, respectively) (Maluin et al, 2020; Nguyen et al., 2020),
is free of transfats (West and Rousseau, 2017), and its high content of saturated fatty
acids provide consistency in structure and texture to products (Dian, 2018; Nor Aini
and Miskandar, 2007). In addition, palm oil is a semisolid material at ambient
temperature (Nor Aini and Miskandar, 2007), and it has high oxidative stability from
intrinsic antioxidants such as tocopherols (Dian, 2018; Nguyen et al., 2020).
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Studying the crystallization and melting behavior of palm oil is significant since
the amount and type of crystals formed are associated with the quality, physical
properties, and functional properties of palm oil and fractionated palm oil (Jahurul et
al., 2014; Omar et al., 2015; Ribeiro et al., 2015). Palm oil has a slow crystallization
rate (Omar et al., 2015;West and Rousseau, 2017), causing post hardening during
storage (Omar et al., 2015; Ribeiro et al., 2015). Previous research in our laboratory has
shown the effect of high-intensity ultrasound (HIU) on physical properties of various
lipids due to its effect on their crystallization behavior (da Silva and Martini, 2020;
Silva et al., 2020; Giacomozzi et al., 2020; Jana and Martini, 2016; Kadamne and
Martini, 2018; Lee et al., 2018; Lee and Martini, 2019; Maruyama et al.,, 2016; Silva
et al., 2017). A few studies have shown the impact of storage on sonicated (Frydenberg
et al., 2013; Gregersen et al., 2019) and non-sonicated (Sahri and Dian, 2011;
Vereecken et al., 2007; West and Rousseau, 2017; Zhu et al., 2018; Zhu et al., 2020)
lipids; however, long-term storage with different storage temperature has not been
performed using a palm-based shortening.
The purpose of this research was to determine the effect of HIU and storage
conditions (time and temperature) on a palm-based all-purpose shortening (APS) on
various physical properties. Samples were crystallized with and without the application
of HIU and stored at 25 and 5 °C up to 24 weeks to measure the effect of storage time
and temperature.

MATERIALS AND METHODS

Materials
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APS was used in this research. The fatty-acid chemical composition of the
sample was 42% palmitic acid (C16:0), 38% oleic acid (C18:1), and 11% linoleic acid
(C18:2). The melting point was 35.1 ± 0.4 °C (Suzuki et al., 2010).
Methods
Crystallization experiment and ultrasound application.
The fat sample (100 g) was melted completely in a microwave and stored in a
60 °C oven for 30 min to remove the crystal memory. The sample was transferred to a
crystallization cell, which was connected to a water bath (T = 30 °C) that allowed for
temperature control (Martini et al., 2008). As soon as the sample was placed in the
crystallization cell, it was stirred with a magnetic stirrer for 10 min using 200 rpm to
increase heat transfer between the circulating water and the sample (Martini et al.,
2008).
Based on a previous study (Suzuki et al., 2010), the sample was crystallized at
30 °C with and without the application of HIU and was crystallized for 60 min.
Ultrasound was applied using a Misonix S-3000 sonicator (Misonix Inc., NY, USA)
operating at 20 kHz, using setting 7 (168 um peak-to peak amplitude, 45 W), and a 3.2
mm-diameter tip for 10 s. HIU was applied at 20 min (t = 0 when the sample was placed
in the crystallization cell). After 60 min of crystallization, physical properties were
measured using the following equipment; a TD-NMR for solid fat content, a differential
scanning calorimeter (DSC) for melting behavior (meting enthalpy, onset temperature
(Ton), peak temperature (Tp)), rheometer for storage modulus (G’), loss modulus (G”),
and phase shift angle (δ), and a polarized light microscope (PLM) for crystal
microstructure. Hardness of the sample was measured after the sample had been stored
for 48 h using texture profile analyzer (TPA). After physical properties were measured,
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samples were transferred to a glass jar and plastic tubes and stored at 25 and 5 °C for
future measurement (48 h; 4, 12, and 24 weeks). The time point 24 weeks (= 6 months)
was chosen as a representation of typical shelf life of shortenings. The time point 48 h
was selected to evaluate samples’ physical properties after the crystalline network has
reached equilibrium and the time points 4, 12, and 24 weeks were used to evenly spread
the time points throughout the 6 months of storage. The experiments were performed
in triplicate with and without application of HIU.

Solid fat content (SFC)
Solid fat content (SFC) of the sample was measured using a TD-NMR (Bruker,
Rheinstetten, Germany). After 60 min of crystallization, samples were transferred to
the NMR tubes and the tubes were stored after the measurement at 25 and 5 °C,
respectively. SFC was measured after 48 h; 4, 12, and 24 weeks. The measurement was
performed in triplicate.

Crystal microstructure
Crystal microstructure was observed using a PLM (Olympus BX 41, Tokyo,
Japan) with a digital camera (Infinity 2, Lumenera Scientific, Ottawa, ON, Canada).
The sample was placed on a microscope slide, covered with a slide glass cover, and the
crystal structure was measured using a 10X power lens. The sample was measured after
60 min of crystallization, and after storage at 25 and 5 °C for 48 h; 4, 12, and 24 weeks.
The measurement was performed in duplicate. Box-counting fractal dimension (Db)
was calculated using a Benoit software 1.3 (Tru-Soft Int’l Inc, Miami, FL, USA). The
images were filtered with grayscale using Adobe photoshop CS2 version 9.0 (San Jose,
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CA, USA) with appropriate threshold. The slope of the linear regression curve of log–
log plot, number of occupied box versus box side length was used as Db (Campos,
2005). Data were reported as the mean value ± standard deviation.

Rheological parameters
Rheological parameters (δ, G’, and G”) were measured using a magnetic
bearing rheometer (model AR-G2, TA Instruments, New Castle, DE, U.S.A.) with a
parallel plate geometry (40 mm diameter for 25 °C and 8 mm diameter for 5 °C)
attachment. A range between 1,000 and 1,500 μm gap (for 5 °C) and 2,000 and 4,000
μm gap (for 25 °C) was used depending on the hardness of the sample. For the
measurement, a tablespoon of the sample crystallized for 60 min and stored at 25 °C
was used, while a 0.3 mm of cylindrical shapes of sample from plastic tubes was used
for the sample stored at 5 °C. An oscillatory procedure (% strain sweep from 0.0008 to
10%) was used to determine the storage modulus (G’), loss module (G”), and phase
shift angle (δ) from the linear viscoelastic region. G’, G”, and δ data were reported at
0.01% strain. The samples were measured after 60 min of crystallization and after
storage at 25 and 5 °C after 48 h; 4, 12, and 24 weeks. The measurement was performed
in triplicate.

Melting behavior
Melting behavior (melting enthalpy, peak temperature (Tp), onset temperature
(Ton) of the samples was measured using a DSC (TA Instruments). Approximately, 10
to 15 mg of sample was placed in a DSC pan, covered with a DSC lid, and placed in
the DSC oven at Tc (5, 25, or 30 °C). An empty pan was used as a reference. The sample
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was measured after 60 min of crystallization and after storage at 25 and 5 °C after 48
h: 4, 12, and 24 weeks. The measurement was performed in duplicate.

Hardness
Hardness was measured using a TA-XT plus texture analyzer (Texture
Technologies, Scarsdale, NY, USA) with a 5 cm diameter cylindrical probe. The
sample was transferred to labeled plastic tubes (1 × 7 cm) after 60 min of crystallization
and stored at 25 and 5 °C. For the measurement, the sample was cut into 0.5-inch length
and measured using two-step compression with 5 mm/s of the compression speed and
25% of TPA strain. The peak force in the first compression was used as the hardness of
the sample. The sample stored at 25 °C for 48 h was not measured since it was too soft
to measure hardness. The sample was measured after 48 h (only 5 °C), 4, 12, and 24
weeks of storage. The measurement was performed in quadruplicate.

Statistical analysis
Statistical analysis was performed using SAS Studio (SAS Institute Inc., Cary,
NC, USA) with GLIMMIX procedure and GraphPad Prism 8 (San Diego, CA, USA)
to calculate significant differences (α = 0.05). A two-way ANOVA repeated
measurement was used to evaluate the significance in two factors: HIU application and
storage period. Data were presented as mean values ± standard error of the means of
replicated experiments.

RESULTS AND DISCUSSION
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Solid fat content (SFC)
Table 5-1 shows the SFC of APS with and without applied HIU after 60 min of
crystallization and after storage at 25 and 5 °C. After 60 min of crystallization, the
sonicated sample had statistically higher value of SFC than the one obtained for the
non-sonicated samples, indicating the effect of HIU was significant. There was a small
reduction of the SFC value in the sonicated samples after 48 h and 24 weeks of storage
compared to the non-sonicated sample for samples stored at 25 °C; however, the Pvalue was close to α = 0.05 (P = 0.045, P = 0.047, respectively). An increase in SFC
was observed in both sonicated and non-sonicated samples during storage at 25 °C
compared to the samples crystallized for 60 min, whereas the SFC values remained
constant (P > 0.05) during storage at 25 °C (48 h to 24 weeks), suggesting the samples
reached equilibrium of crystalline network after 48 h of storage at 25 °C. These data
showed that HIU was effective at increasing SFC after 60 min of crystallization, but no
additional crystallization occurred during storage at 25 °C due to HIU.

Table 5-1: Solid fat content (SFC, %) of APS crystallized with (w HIU) and without
(wo HIU) HIU using 20 kHz frequency after 60 min of crystallization at 30 °C and
during storage at 25 and 5 °C (48 h; 4, 12, and 24 weeks)

Storage
Temperature (°C)
25 °C

5 °C

Conditions

wo HIU

w HIU

60 min
48 h
4 weeks
12 weeks
24 weeks
60 min
48h

6.4 ± 0.2bB
10.7 ± 0.1aA
11.1 ± 0.1aA
11.0 ± 0.2aA
11.3 ± 0.1aA
5.5 ± 0.4bD
68.5 ± 0.3aC

7.3 ± 1.3aB
10.2 ± 0.1bA
10.8 ± 0.2aA
10.7 ± 0.1aA
10.8 ± 0.2bA
7.5 ± 0.2aD
68.2 ± 0.2aC
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4 weeks
72.0 ± 0.6aB
72.0 ± 0.3aB
12 weeks
73.5 ± 0.1aA
74.0 ± 0.1aA
24 weeks
73.9 ± 0.1aA
74.3 ± 0.1aA
Data are reported as Mean ± Standard errors of mean. Within each timepoint (up to 24
weeks) mean values with the different lower-case letters are significantly different (P <
0.05) while within each treatment (with or without HIU) mean values with the different
upper letters are significantly different as a function of storage time (P < 0.05).

The sample stored at 5 °C showed different results from the sample stored at 25
°C. No statistical difference in sonicated and non-sonicated samples stored at 5 °C were
observed during storage time (P > 0.05) within each storage period while the SFC of
both sonicated and non-sonicated samples increased as a function of storage time (up
to 12 weeks) (P < 0.05) and remained constant at 24 weeks of storage. Upon comparison
of the SFC of samples stored at 25 and 5 °C, a higher SFC value was observed for the
sample stored at 5 °C. Since temperature is an important factor that affects SFC (Zhang
et al., 2018), the sample stored at 5 °C had a higher SFC value due to a fast
crystallization kinetic at lower temperature (5 °C). The results showed that the effect of
HIU was significant after 60 min of crystallization; however, there was no effect of
HIU during storage.

Crystal microstructure
The crystal microstructure of APS crystallized at 30 °C with and without
sonication was measured after 60 min of crystallization (Figure 5-1) and after storage
at 25 °C (Figure 5-2) and 5 °C (Figure 5-3) up to 24 weeks. The microstructure of
crystals obtained after 60 min of crystallization shows that the non-sonicated samples
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had bigger, fewer, and spherulite-shaped crystals, whereas the sonicated sample had
smaller, more, and uniformly sized crystals (Figure 5-1). Similar results were shown by
Chen et al. (2013) and Ye and Martini (2015). Chen et al. (2013) applied HIU on palm
oil using different intensities, crystallization temperatures, and sonication times. Ye and
Martini (2015) applied HIU on palm oil as well using different power levels and pulse
duration. These research groups concluded that HIU significantly affected the
morphology of the samples, especially, the size and shape of crystals, since sonicated
samples had more, smaller, uniform size crystals.

Figure 5-1: Crystal microstructure of APS crystallized with (w HIU) and without (wo
HIU) HIU using 20 kHz frequency measured after 60 min of crystallization at 30 °C

Wo HIU

W HIU

From Figure 5-2, no evident difference in non-sonicated samples was observed
in the shape, size, and the number of crystals up to 12 weeks, while bigger and more
aggregated crystal clusters were observed at 24 weeks of storage period. The crystals
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in sonicated samples had a more tightly packed crystalline network during storage since
smaller and uniform crystals were dispersed in the crystalline network. Similar results
were observed for the microstructure of samples stored at 5 °C (Figure 5-3). The nonsonicated sample stored at 5 °C had bigger, fewer, and irregular shape of crystals,
whereas the sonicated sample had smaller, and more crystals. The number of crystals
in the sonicated and non-sonicated sample increased after 24 weeks of storage.
Moreover, the crystals were tighter and more organized in the sonicated sample stored
for 24 weeks. The results in our study indicate that HIU significantly affected the
generation of uniform crystals, decreased the size of crystals, and increased the amounts
of crystals in samples after 60 min of crystallization. During sample storage at 25 and
5 °C up to 24 weeks, the crystals were more organized and tightly packed in sonicated
samples.
From Table 5-2, the box counting fractal dimension (Db) of the sonicated sample
was smaller than the non-sonicated sample after 60 min of crystallization and the values
remained constant during storage at 25 and 5 °C. According to Tang and Marangoni
(2006), crystal shape, size, and area fraction (AF) determine the Db, suggesting that low
Db is related to the small size of crystals. The results can be well explained with Figures
5-1, 5-2, and 5-3, since the sonicated sample had much smaller crystals than the ones
obtained in non-sonicated sample, reflecting that the sonicated samples had low values
of Db. Therefore, HIU was effective at generating small crystals and increasing the
number of crystals and affecting the Db of the samples. No effect of storage period and
temperatures were observed.
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Figure 5-2: Crystal microstructure of APS crystallized with (w HIU) and without (wo
HIU) HIU using 20 kHz frequency measured during storage at 25 °C (48 h, 4 weeks,
12 weeks, and 24 weeks)

12weeks

4weeks

48h

Wo HIU

W HIU

24weeks
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Figure 5-3: Crystal microstructure of APS crystallized with (w HIU) and without (wo
HIU) HIU using 20 kHz frequency measured during storage at 5 °C (48 h, 4 weeks, 12
weeks, and 24 weeks)
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Table 5-2: Box-counting fractal dimension (Db) of APS crystallized with (w HIU) and
without (wo HIU) HIU using 20 kHz frequency after 60 min of crystallization at 30 °C
and during storage at 25 and 5 °C (48 h, 4, 12, and 24 weeks)
Conditions
60 min
25 °C
48 h
4 weeks
12 weeks
24 weeks
5 °C
48h
4 weeks
12 weeks
24 weeks
Data are reported as Mean ± Standard deviations.
Storage Temperature (°C)

wo HIU
1.46 ± 0.08
1.27 ± 0.22
1.25 ± 0.30
1.10 ± 0.21
1.22 ± 0.18
1.53 ± 0.02
1.40 ± 0.17
1.43 ± 0.19
1.36 ± 0.19

w HIU
1.00 ± 0.41
0.99 ± 0.29
1.10 ± 0.18
1.10 ± 0.27
1.18 ± 0.27
0.95 ± 0.47
0.96 ± 0.22
1.01 ± 0.34
0.86 ± 0.57

Rheological parameters
Strain sweep curves for rheology parameters, such as elastic (G’) and loss (G”)
moduli and the phase shift angle (δ), are presented in Figure 5-4 and values obtained at
0.01% strain are reported in Figure 5-5. Crossover points are shown in Table 5-3. From
Figure 5-4, all samples showed a linear viscoelastic region (LVR) between 0.001 and
0.1% strain. With HIU application, samples showed similar G’ and G” profile after 60
min of crystallization and during storage at 25 °C (Figure 5a and c) while the nonsonicated samples showed lower G’ after 60 min of crystallization but showed
increasing G’ and G” during the storage. No differences between sonicated and nonsonicated samples were observed for δ. In Figure 5-5, the rheological parameters were
recorded at 0.01% of strain since 0.01% is an intermediate value of the LVR that spans
from 0.001 and 0.1% strain.
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From Figure 5-5a, the sonicated sample after 60 min of crystallization had
significantly (P < 0.05) higher elasticity value (133,304 ± 12,862 Pa) than the nonsonicated sample (10,938 ± 2,407 Pa). This showed that a higher elasticity value can be
attributed to the smaller crystals observed in the microstructure results (Figure 5-1)
since viscoelastic properties of plastic fats are affected by the size and density of
crystals (Zhu et al., 2020). Similar results were reported by Kadamne et al. (2017a,
2017b) and Lee et al. (2018). A significant difference (P < 0.05) in G’, G”, and δ values
between sonicated and non-sonicated sample stored at 25 °C was observed up to 4
weeks of storage; however, there was no difference in G’, G”, and δ values between the
samples after 12 weeks of storage (Figure 5-5a, c, and e). During storage, G’ values of
non-sonicated sample increased as a function of time, while the G’ of the sonicated
sample did not change significantly after 60 min of crystallization (136,077 ± 16,298
Pa) and after 24 weeks of storage (204,289 ± 26,359 Pa) (P > 0.05) as shown in Figure
5-4a. This is an interesting result because it took 12 weeks for the non-sonicated sample
to reach the elasticity value obtained in the sonicated sample just after 60 min of
crystallization. This means that HIU generated a more elastic material within a short
period of time. The G” of sonicated and non-sonicated sample and the δ of sonicated
sample increased up to 4 weeks while δ values of non-sonicated sample remained
unchanged during storage (Figure 5-5c and e).
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Figure 5-4: Strain sweep profiles for G’ , G”, and phase shift angle (δ) of APS
crystallized with (w) and without (wo) HIU using 20 kHz frequency after 60 min of
crystallization at 30 °C and during storage at 25 °C (a, c, and e) and 5 °C (b, d, and f)
(48 h; 4, 12, and 24 weeks)
○ wo HIU 60 min △ wo HIU 48 h □ wo HIU 4 weeks ▽ wo HIU 12 weeks ◇ wo HIU 24 weeks
● w HIU 60 min
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Figure 5-4b and d shows higher G’ and G” profile during storage at 5 °C,
compared to the ones stored at 25 °C, indicating that storage temperature affected G’
and G”. These changes are expected in plastic fats, such as shortenings and margarines,
since rheological changes are affected by size and amount of crystals, and solid fat in
the lipid (Bell et al., 2007; Zhu et al., 2020). Similar results were shown by Zhu et al.
(2020) up to 4 weeks of storage. Moreover, both sonicated and non-sonicated samples
had higher G’ values than G”, meaning that these samples had solid-like behavior. From
Figure 5-5b and d, the G’ and G” values of sonicated and non-sonicated samples were
significantly different up to 48 h of storage, but no significant change in samples was
observed after 4 and 12 weeks of storage. There was a significant difference between
the samples after 24 weeks of storage since the G’ and G” value of the non-sonicated
sample had slightly decreased compared to the sonicated ones. A gradual increase in
the G’ and G” values was observed in both sonicated and non-sonicated samples as a
function of time when the samples were stored at 5 °C. However, a trend toward a
decrease in G’ and G” was observed in the non-sonicated sample after 24 weeks of
storage, whereas no significant difference was observed in sonicated sample during the
storage period. Similar to the results observed at 25 °C, sonicated samples reached the
final G’ value faster (at 48 h) than the non-sonicated ones (4 weeks) since the large
amount of small crystals induced by HIU were associated with higher viscoelasticity
(Kadamne and Martini, 2018).
The crossover point was very variable (Table 5-3). No difference was observed
in sonicated and non-sonicated samples after 60 min of crystallization (P > 0.05),
whereas significant differences were observed during storage (P < 0.05). The crossover
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points in non-sonicated samples increased gradually during storage at 25 °C while the
sonicated samples decreased after 4 weeks of storage. Furthermore, the crossover point

Figure 5-5: Rheological parameters (G’, G”, δ) of APS crystallized with (w HIU) and
without (wo HIU) HIU using 20 kHz frequency after 60 min of crystallization at 30
°C and during storage at 25 °C (a, c, and e) and 5 °C (b, d, and f) (48 h; 4, 12, and 24
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Within each timepoint (up to 24 weeks) mean values with the different lower-case
letters are significantly different (p < 0.05) while within each treatment (with or without
HIU) mean values with the different upper letters are significantly different as a
function of storage time (p < 0.05).

Table 5-3: Crossover point of APS crystallized with (w HIU) and without (wo HIU)
HIU using 20 kHz frequency after 60 min of crystallization at 30 °C and during storage
at 25 °C and 5 °C (48 h, 4 weeks, 12 weeks, and 24 weeks)
25 °C

wo HIU
w HIU
%Strain
%Strain
aC
60 min
0.9 ± 0.4
0.7 ± 0.2 aC
aB
48 h
2.9 ± 0.9
1.8 ± 0.5bB
aA
4 weeks
4.2 ± 1.2
2.9 ± 0.5bA
12 weeks
3.7 ± 1.2 aA,B
1.2 ± 0.8bB,C
aA,B
24 weeks
3.3 ± 0.9
1.7 ± 0.4bB,C
5 °C
wo HIU
w HIU
%Strain
%Strain
aA
60 min
1.6 ± 0.4
1.5 ± 0.5 aA
bB
48 h
0.3 ± 0.1
0.8 ± 0.3 aB
4 weeks
1.1 ± 0.4 aA
0.5 ± 0.1 bB,C
aB
12 weeks
0.7 ± 0.3
0.3 ± 0.1 bC
24 weeks
0.5 ± 0.1 aB
0.6 ± 0.2 aB,C
%Strain is reported using Mean value ± standard deviations. Within each timepoint (up
to 24 weeks) mean values with the different lower-case letters are significantly different
(p < 0.05) while within each treatment (with or without HIU) mean values with the
different upper letters are significantly different as a function of storage time (p < 0.05).

Furthermore, the crossover point in sonicated and non-sonicated sample decreased and
increased during the storage at 5 °C. In addition, non-sonicated samples stored at 25

127

and 5 °C had higher crossover points (Table 5-3) during storage compared to the
sonicated samples. Crossover points were lower in samples stored at 5 °C compared to
the ones stored at 25 °C. These results suggest that samples stored at 5 °C and sonicated
samples stored at 25 and 5 °C are more susceptible to high strains than their
counterparts.

Melting behavior
The melting parameters (peak temperature [Tp], onset temperature [Ton], and
melting enthalpy) are important factors to determine melting properties of a crystalline
network (Gregersen et al., 2019). Table 5-4 and Figure 5-6 show the melting parameters
and melting profile of APS crystallized with and without sonication after 60 min of
crystallization and after storage at 25 and 5 °C for 48 h; 4, 12, and 24 weeks. The
melting parameter, Ton, was not affected by HIU. No difference was obtained between
the sonicated and non-sonicated samples after 60 min of crystallization. However, Ton
of the sonicated samples decreased during storage at 25 and 5 °C, while Ton of the nonsonicated samples stored at 5 °C remained constant. No effect of HIU on Ton in
interesterified soybean oil was found in previous studies (da Silva and Martini, 2020;
Kadamne and Martini, 2018).

Table 5-4: Melting behavior (onset temperature (Ton, °C), peak temperature (Tp, °C),
and melting enthalpy (H, J/g)) of APS crystallized with (w HIU) and without (wo
HIU) HIU using 20 kHz frequency after 60 min of crystallization at 30 °C and during
storage at 25 °C and 5 °C (48 h, 4 weeks, 12 weeks, and 24 weeks)
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25 °C

wo HIU

w HIU

Ton (°C)

Tp (°C)

H (J/g)

Ton (°C)

Tp (°C)

H (J/g)

60 min

33.4 ± 0.4aA

42.3 ± 0.4aA

9.6 ± 0.6bB

36.6 ± 0.0aA

40.4 ± 0.1bA

12.8 ± 0.2aC

48 h

33.0 ± 1.4aA

42.6 ± 0.3aA

10.3 ± 1.7bB

28.0± 0.1bB

40.0 ± 0.3bA

15.3± 0.8aB,C

4 weeks

28.2 ± 0.1aB

42.2 ± 0.4aA

16.2 ± 0.5aA

30.1 ± 2.0aB

40.2 ± 0.3bA

17.2± 0.5aA,B

12 weeks

28.9 ± 0.2aB

40.8 ± 1.2aA

18.3± 0.6aA

28.8 ± 0.2aB

39.9 ± 0.1bA

18.6± 0.5aA

24 weeks

28.6 ± 0.1aB

41.7 ± 0.5aA

18.9± 0.7aA

28.0 ± 0.1aB

40.0 ± 0.2aA

18.8± 0.5aA

5 °C

wo HIU

w HIU

Ton (°C)

Tp (°C)

H (J/g)

Ton (°C)

Tp (°C)

H (J/g)

60 min

33.3 ± 0.6aA

42.0 ± 0.1aA

10.3 ± 1.2bD

34.7 ± 1.3aA

40.2 ± 0.2aA

13.0 ± 0.4aB

48 h

28.6 ± 2.2aA

41.8 ± 0.4aA

19.6 ± 0.6aB,C

32.8± 2.2aA

40.4 ± 0.2aA

18.3 ± 0.8aA

4 weeks

26.5 ± 1.9aA

42.9 ± 0.3aA

24.5 ± 1.2aA,B

24.1 ± 0.2aB

40.3 ± 0.2aA

20.2 ± 0.6bA

12 weeks

27.0 ± 1.1aA

42.2 ± 0.3aA

19.3 ± 0.8aC

27.6 ± 1.1aA,B

40.0 ± 0.3aA

18.0 ± 0.9aA,B

24 weeks

25.8 ± 2.3aA

42.2 ± 0.3aA

24.9 ± 2.0aA

27.1 ± 2.0aA,B

40.5 ± 0.4aA

21.2 ± 2.0bA

Data are reported as Mean ± standard errors of mean. Within each timepoint (up to 24
weeks) mean values with the different lower-case letters are significantly different (p <
0.05) while within each treatment (with or without HIU) mean values with the different
upper letters are significantly different as a function of storage time (p < 0.05).

The Tp of the sonicated samples stored at 25 °C were statistically lower than the
non-sonicated samples. The results are related to a sharper melting profile in Figure 56b. Compared to the non-sonicated sample stored at 25 °C (Figure 5-6a), the sonicated
sample stored at 25 °C had a sharper melting profile and this sharper peak remained
constant during storage. These results suggest that sonication promotes cocrystallization of triacylglycerol (TAG) in the samples and induces crystallization of
low-melting point TAGs (da Silva et al., 2020; Suzuki et al., 2010;Ye and Martini,
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2015). On the other hand, Tp of the sonicated and non-sonicated samples were not
statistically different (P > 0.05) and did not change as a function of time when the
samples were stored at 5 °C. From Figure 5-6c and d, the melting profile of sonicated
and non-sonicated had a shoulder at lower temperatures. Since the samples were
crystallized at 30 °C and stored at 5 °C, liquid TAG at 30 °C crystallized during storage;
therefore, both samples had a shoulder in their profile. Gregersen et al. (2019) also
showed no effect of HIU in milk fat and rapeseed oil blends stored at 5 °C because of
high supercooling and crystallization kinetic.
The melting enthalpy indicates the amount of crystalline material in the sample
(Ye & Martini, 2015). The sonicated samples had significantly higher enthalpy (12.8 ±
0.6 J/g at 25 °C and 13.0 ± 0.4 J/g at 5 °C; P < 0.05) after 60 min of crystallization than
the non-sonicated samples one (9.6 ± 0.6J/g at 25 °C and 10.3 ± 1.2 J/g at 5 °C; P <
0.05). This is associated with the SFC results described before since the sonicated
sample had higher SFC values than the non-sonicated samples one. Enthalpy values for
sonicated and non-sonicated samples increased during storage for 4 weeks at 25 °C and
remained the same during the rest of the storage. Although the enthalpy of both
sonicated and non-sonicated samples increased after storage, the increment in enthalpy
in the samples were different. For instance, the enthalpy increase in the sonicated
sample was more gradual than the non-sonicated sample. There was a tendency of
decreasing enthalpy after the samples had been stored for 12 weeks at 5 °C in nonsonicated samples. Thus, the effect of storage period was varied by the melting
parameters, but the effect of storage temperatures had no difference. The melting
enthalpy of the samples were most significantly affected by HIU after 60 min of
crystallization compared to the Tp and Ton.
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Figure 5-6: Melting profile of APS crystallized with (w HIU) and without (wo HIU)
HIU using 20 kHz frequency after 60 min of crystallization at 30 °C and during storage
at 25 °C and 5 °C (48 h, 4 weeks, 12 weeks, and 24 weeks): (a) wo HIU at 25 °C, (b)
w HIU at 25 °C, (c) wo HIU at 5 °C, and (d) w HIU at 5°C
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Hardness
Hardness is affected by the size and amount of crystals in crystalline network
(Suzuki et al., 2010; Zhu et al., 2020), especially since smaller crystals are associated
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with harder materials (Frydenberg et al., 2013). The hardness of the samples
crystallized with and without application of HIU was measured after the samples had
been stored for 48 h, 4, 12, and 24 weeks at 25 and 5 °C (Figure 5-7). The result from
the samples stored at 25 °C for 48 h were not collected since the samples were too soft
to measure hardness. A significant difference was observed between sonicated and nonsonicated samples stored at 25 °C (Figure 5-7a). During the storage period, the
sonicated samples were significantly harder than the non-sonicated samples (P < 0.05).
The hardness of both sonicated and non-sonicated samples increased as a function of
time, but the rate of increase was different. For instance, increase in hardness for the
non-sonicated sample started after 4 weeks of storage, while an increase in the hardness
of the sonicated sample started after 12 weeks of storage.

Figure 5-7: Hardness of APS crystallized with (w HIU) and without (wo HIU) HIU
using 20 kHz frequency after 60 min of crystallization at 30 °C and during storage at
25 °C (a) and 5 °C (b) (48 h, 4 weeks, 12 weeks, and 24 weeks)
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For Figure 5-7b, after 48 h of storage, the hardness of the sonicated samples
stored at 5 °C was statistically higher than the hardness of non-sonicated samples (30.1
± 2.5 N, 20.4 ± 1.3 N, respectively, P < 0.05). However, there was no statistical
difference (P> 0.05) between sonicated and non-sonicated samples after 48 h of storage.
During storage, the hardness of the sonicated and non-sonicated samples increased as a
function of time and the highest value of hardness was observed in the samples that had
been stored for 24 weeks. Compared to the samples stored at 25 °C, the sample stored
at 5 °C had higher hardness since the storage temperature is lower. As previously
discussed, the samples stored at 5 °C had high amounts of solid fat due to a fast
crystallization kinetic rate.
In summary, HIU generated a harder material and the hardness was constantly
maintained or increased during the storage period. This indicates that the increase in
hardness generated by HIU is not affected by storage time. The results are in accordance
with the microstructure results which showed that sonicated samples had smaller,
uniformly sized crystals, and lower Db values. Interestingly, even though sonicated
samples were harder, they had a lower crossover point suggesting that their structure is
more susceptible to strain.

CONCLUSION

This study showed that sonicated samples had significantly higher SFC, melting
enthalpy, G’, and G” after 60 min of crystallization. These results were associated with
the presence of uniform, smaller, and more crystals generated by HIU. In general, these
differences were maintained during early stages of storage at 25 and 5 °C but they were
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absent after storage for longer periods. This occurred because sonicated samples
reached equilibrium values for the physical properties measured faster than the nonsonicated ones, this is particularly evident for G’ values. An impact of storage
temperature on the samples was observed since samples stored at 5 °C were harder, had
higher G’, G”, and had more solid fat than the samples stored at 25 °C.
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CHAPTER 6

POTENTIAL EFFECT OF CAVITATION ON THE PHYSICAL
PROPERTIES OF INTERESTERIFIED SOYBEAN OIL USING HIGHINTENSITY ULTRASOUND: A LONG-TERM STORAGE2

ABSTRACT

The objective of this research was to evaluate if cavitation events generated
during sonication (20 kHz, 216 μm amplitude, 10 s) are responsible for changes in
physical properties of a fat with low levels of saturated fatty acids and if these changes
are maintained during storage. The fat was crystallized at 24 and 34 °C and stored at 25
°C for up to 24 weeks. An increase in solid fat content and melting enthalpy was
observed for sonicated samples crystallized at 34 °C and an increase in elasticity was
observed for sonicated samples crystallized at 24 °C (P < 0.05). Hardness increased in
sonicated samples crystallized at 24 and 34 °C (P < 0.05) after 60 min of crystallization
and after 24 weeks storage. Elasticity of non-sonicated samples crystallized at 24 °C
decreased (P < 0.05) after storage at 25 °C for 48 h while it remained constant in

2

Journal of American Oil Chemists’ Society, Potential Effect of Cavitation on the
Physical properties of Interesterified Soybean Oil Using High-Intensity Ultrasound: A
Long-Term Storage Study, Volume 97, August, 2020, 1105-1117, Lee J, Youngs J,
Birkin P, Truscott T, and Martini S. original copyright notice as given in the
publication in which the material was originally published) "With permission of John
Wiley and Sons”
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sonicated samples. Sonicated samples had more, and smaller crystals compared to the
non-sonicated ones. No significant change was observed in physical properties of
sonicated samples crystallized at 24 °C and 34 °C during the 24 weeks of storage.
Sonication at 24 °C was less efficient at changing the physical properties of the fat
compared to 34 °C; however, the number of subharmonic components generated during
sonication at these two temperatures was not affected by crystallization temperature.
These results suggest that changes in physical properties are associated with secondary
effects of sonication such as bubble streamers rather than changes in cluster dynamics.

INTRODUCTION

High-intensity ultrasound (HIU) has been used as an efficient processing tool to
change the physicochemical properties of lipids by inducing crystallization, increasing
the number of crystals, decreasing the size of the crystals, generating harder materials,
and stable polymorphic forms (Gregersen et al., 2019; Martini et al., 2012; Silva et al.,
2017). HIU is typically employed with frequencies between 20 and 100 kHz, and with
high power levels between 10 and 10,000 W/cm2 (Abdullah and Chin, 2014; Martini,
2013). During sonication, the media is exposed to sound emitted through the oscillatory
motion of a piston-like emitter or horn which generates cavitation (Martini, 2013) that
is responsible for changing the crystallization behavior of lipids. Cavitation itself
involves the formation, motion, and collapse of bubbles while exposed to suitable
pressure changes (e.g., the ultrasonic waves), resulting in shockwave emission and high
localized temperatures (particularly in the gas phase of the collapsing bubbles)
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(Barcikowski et al., 2019) that can change the physical properties in the resulting media
(Abdullah and Chin, 2014; Hosseini et al., 2015; Silva et al., 2017). Cavitation and
bubble dynamics have been vastly studied in aqueous systems, but fewer studies have
been performed in lipid systems (Birkin et al., 2017, 2019). Previous research in our
laboratory has reported the presence of bubbles in interesterified soybean oil during
high-intensity sonication (Martini et al., 2012). Although these studies have provided
some details of the cavitation processes in lipids investigated, an evaluation of the effect
of the conditions on the HIU system as well as the resultant material changes has not
been explored. Since the U.S. Food and Drug Administration ruled to remove the
Generally Recognized as Safe status of partially hydrogenated oils (PHO) because of
the effects of PHO in cardiovascular disease, food scientists have been challenged to
develop new lipids without PHO or trans fats. In addition, current trends of improving
nutritional properties of foods have encouraged food scientists to use lipids with low
content of saturated fat. However, healthy fats with no trans-fats and low levels of
saturated fatty acids lack appropriate physical properties for various food applications.
HIU is a possible alternative technology for the processing of lipids with low levels of
saturation and without trans-fat. Various studies have evaluated the use of HIU to
improve the physical properties of fats. However, few studies have showed the effect
of HIU during storage of the material (Frydenberg et al., 2013; Gregersen et al., 2019).
Previous work on the use of HIU to change physical properties of lipids has shown that
the efficiency of HIU to induce crystallization depends on various factors such as
chemical composition of the fat, crystallization temperature, presence of agitation, and
sonication parameters (Kadamne et al., 2017a,b). For example, results showed that
sonication was more efficient when used at high crystallization temperatures, rather
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than at low ones (Ye et al., 2011) and it is still unclear why these differences exist. It is
possible that differences in sonication efficiency are due to changes in cavitation events
originated by HIU. Therefore, the objectives of this work were to (1) investigate the
effect of HIU on the crystallization behavior of an interesterified soybean oil with low
levels of saturated fatty acids crystallized at very low (24 °C) and very high (34 °C)
temperatures to obtain different effects of sonication, (2) evaluate the physical
properties of the crystallized fat as a function of storage time, (3) characterize cavitation
events generated during the sonication process, and (4) evaluate if changes in the
cavitation environment are directly responsible for differences in the crystallization
behavior and physical properties of the fat stored for of 6 months.

MATERIALS AND METHODS

Materials
Commercial interesterified soybean oil (IESBO) (ADM 762400) was used in
this study. Triacylglycerol and fatty acid composition of the samples were discussed by
Ye et al. (2011).

Methods
Crystallization Experiment
Samples were melted in a microwave and placed in an oven at 60 °C for 30 min
to ensure complete melting and removal of any crystal memory. The sample (100 g)
was transferred to a double-walled crystallization cell connected to an external water
bath that allowed for temperature control (Martini et al., 2008) and the sample was
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crystallized at two temperatures (Tc) (a) 34 °C (b) 24 °C with or without the application
of HIU. These temperatures were chosen to represent conditions where HIU works well
at changing the physical properties of the fat (Tc = 34 °C) and conditions where HIU
does not necessarily affect the physical properties in a significant manner (Tc = 24 °C)
(Ye et al., 2011). In turn, these temperatures allow for an evaluation of the different
bubble dynamics that might occur and whether they are associated with changes in
physical properties of the final material. The sample was stirred using a magnetic stirrer
at 200 rpm to facilitate heat transfer. Agitation was stopped after 10 min for samples
crystallized at Tc = 34 °C and after 5 min for samples crystallized at Tc = 24 °C. The
rationale for stopping agitation at different times for each Tc will be explained in the
section below. The sample was left in the crystallization cell for 60 min to crystallize.
After crystallization, the physical properties of the resultant material were
measured using a differential scanning calorimeter (DSC) for melting behavior,
rheometer for viscoelasticity, pulsed nuclear magnetic resonance equipment (p-NMR)
for solid fat content (SFC), texture profile analyzer (TPA) for hardness, and a polarized
light microscope (PLM) for crystal microstructure. After the measurements, each
sample was transferred to a glass jar and stored at 25 °C for future measurements at 48
h, 4 weeks, 12 weeks, and 24 weeks of storage. Time points were selected to represent
the typical shelf life of shortenings. Each crystallization experiment was performed in
triplicate.

Ultrasound Application
A Misonix Sonicator S-3000 (20 kHz; Misonix Inc., Farmingdale, NY, USA)
was used to deliver acoustic waves using a 3.2 mm-diameter tip with power level 9 (216
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μm peak-to-peak amplitude, 90 W) for 10 s of pulse duration. Previous studies in our
laboratory have shown that HIU is more efficient at inducing crystallization when
applied in the presence of a small amount of crystals (Martini et al., 2008; Suzuki et al.,
2010; Ye et al., 2011). Therefore, HIU was applied when the sample became slightly
turbid as observed with the naked eye, which corresponded to 16 and 6 min for the
samples crystallized at Tc = 34 and 24 °C, respectively.

Solid Fat Content
SFC was measured using an nuclear magnetic resonance (NMR) minispec mq
20 analyzer (Bruker BioSpin Corporation, San Jose, CA) after 60 min of crystallization.
Sample was transferred to NMR tubes using either a 9 in-long glass pipet (for hard
samples) or plastic pipettor (for soft samples) depending on the hardness of the sample.
SFC was also measured during storage at 25 °C.

Crystal Microstructure
Crystal microstructure was recorded after 60 min of crystallization using a
polarized light microscope (PLM-Olympus BX 41 Tokyo, Japan) equipped with a
digital camera (Infinity 2, Lumenera Scientific, Ottawa, Canada). Crystal sizes were
measured using Image-Pro Premier 9.2 (Media Cybernetics, Rockville, MD, USA). The
data were collected after crystallization (60 min), and after storage at 25 °C for 48 h, 4,
12, and 24 weeks.

Melting Behavior
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The melting behavior of the sample was measured after 60 min of crystallization
using a differential scanning calorimeter (DSC, TA Instruments, New Castle, DE,
USA). The sample was placed in a DSC pan, covered with a lid, sealed, and placed in
the DSC oven stabilized at Tc (24, 25, or 34 °C). Samples were held at this temperature
for 1 min and heated from Tc (24, 25, or 34 °C) to 60 °C at 5 °C min-1 to evaluate its
melting behavior. Melting parameters were evaluated: onset temperature (Ton), peak
temperature (Tp), and the change in enthalpy associated with the melting process. The
data were collected after crystallization and after storage at 25 °C for 48 h, 4, 12, and
24 weeks.

Elasticity
A magnetic bearing rheometer (model AR-G2, TA Instruments, New Castle,
DE, USA) was used for the measurement. A parallel plate geometry (40 mm diameter)
was used, and the temperature of the plate was set at 34, 25, or 24 °C. A gap between
500 and 1000 μm was used depending on the hardness of the sample. A strain sweep
step oscillatory procedure was performed for the storage modulus (G0) at 0.01% of
strain. For the strain sweep step, strain values were set from 0.0008 to 10% and
equilibration time was 1 min. Before the measurement, samples were stirred to generate
a homogenous material. The data were collected after crystallization (60 min) and after
storage at 25 °C for 48 h, 4, 12, and 24 weeks.

Hardness
The hardness of the crystallized samples was measured using a TA-XT plus
TPA (Texture Technologies Corp, Hamilton, MA, USA). After 60 min of
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crystallization, the samples, especially the non-sonicated samples, were too soft to
measure hardness. Therefore, sonicated and non-sonicated samples were stored at 5 °C
for 48 h to allow complete crystallization and hardness was measured after 48 h as a
first timepoint. After crystallization, the sample was transferred to labeled plastic tubes
(1 cm x 7 cm) and stored at 5 °C in the fridge. Before the measurement, the sample was
cut into 0.5-in. length, placed into a platform, and measured with a 5-cm-diameter of
cylinder probe using two-step compression step. The compression speed was 5 mm s−1
in both ways, and the TPA strain was 25%. Hardness value was obtained from the peak
force of the first compression. The sample was measured after 48 h, 4 weeks, 12 weeks,
and 24 weeks.

Cavitation
To quantify the cavitation in the oil, a hydrophone was used to measure acoustic
emission during sonication. The hydrophone was placed at approximately 20 mm to the
side of the tip. A laser was used to measure the light scatter produced by the cluster of
bubbles generated during cavitation. The laser was turned on, aligned with the detector,
and the tip was slightly moved along the z-direction to position the laser at 1.3 mm
below the tip. An oscilloscope (Owon DS7102V) was used for data collection (light
scattering and hydrophone) over the first 1000 ms of tip operation. Cavitation data were
also collected over a total 15 s period, the first 10 s in the presence of the HIU pulse
plus an additional 5 s after the sonicator was switched off. The acoustic signature of the
HIU source was found to ring down relatively rapidly and a 15 s capture window
(compared to the 10 s HIU exposure) was deemed sufficient to capture the relevant
dynamics of the system. This was recorded by an in-house program (Visual Studio
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2010, including Measurement Studio 2012 and USB-204 DAQ card [National
Instruments]). A detailed description of the experimental setup can be found in Birkin
et al. (2017, 2019). A FFT data analysis was used to evaluate the hydrophone and laser
scattering data to see the cluster activity during sonication. This analysis showed the
number of subharmonics generated during sonication. The frequency of subharmonics
can be defined as f/N. f indicates the frequency of the HIU and N is an integer value
(Birkin et al., 2017, 2019).

Statistical Analysis
Crystallization experiments were performed in triplicate to produce three
samples. For each crystallization sample, physical properties were measured in
duplicate (melting behavior [Ton, Tp, and melting enthalpy] and crystal structure),
triplicate (SFC and elasticity), or quadruplicate (hardness). Cavitation experiments
were performed in duplicate. Data obtained from these repeat measurements were
evaluated using SAS Studio (SAS Institute Inc., Cary, NC, USA) with multiple
comparison procedures (GLIMMIX procedures) to evaluate significant differences (α
= 0.05). A two-way ANOVA repeated measures was applied using the HIU application
and time as the two factors. Results were reported as mean values ± standard error of
the means of experimental replicates.

RESULTS AND DISCUSSION

Solid Fat Content
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SFC of IESBO crystallized at 24 °C (Fig. 6-1a) and 34 °C (Fig. 6-1b) with (w
HIU) and without (wo HIU) applied HIU using 20 kHz frequency and 216 μm peak-topeak amplitude for 10 s are shown in Fig. 6-1. Lower case letters were used to illustrate
Significant differences (α = 0.05) between treated (w HIU) and untreated (wo HIU)
samples within each time assessment. Upper case letters were used to illustrate
significant differences (α = 0.05) between storage time but within a particular treatment
scenario (e.g., sonicated [w HIU] and non-sonicated [wo HIU]).
From Fig. 6-1a SFC values of the non-sonicated samples and the sonicated
samples were not statistically different (6.2 ± 0.1%, 5.4 ± 0.2% respectively, P > 0.05)
after 60 min of crystallization at 24 °C. An increase in the SFC values of the nonsonicated IESBO was observed after the sample had been stored for 48 h (7.1 ± 0.3%;
P < 0.05), whereas no significant difference was observed in the SFC values of the
sonicated IESBO (5.8 ± 0.2%; P > 0.05). After 48 h, the SFC of sonicated and nonsonicated IESBO did not increase as a function of storage time. After storage for 24
weeks, the non-sonicated sample had an SFC of 6.8 ± 0.4% while the sonicated sample
had an SFC value of 5.7 ± 0.2%, which were not statistically different (P > 0.05). These
data indicated that HIU was not very efficient in changing SFC when IESBO was
crystallized at 24 °C and during storage time (25 °C) (P > 0.05). Several studies (Chen
et al., 2013; Frydenberg et al., 2013; Martini et al., 2008; Silva et al., 2017; Suzuki et
al., 2010) showed similar results with little effect of HIU on crystallization behavior of
lipids due to the high supercooling at low crystallization temperature.
Fig. 6-1b shows the SFC of sonicated and non-sonicated IESBO crystallized at
34 °C after 60 min crystallization, and during storage at 25 °C over time, up to 24
weeks. The non-sonicated IESBO samples had an SFC of 0.9 ± 0.2% after 60 min of
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crystallization at 34 °C. In general, a very small amount of crystalline material is
generated at this higher crystallization temperature because of lower supercooling.
Compared to the non-sonicated samples, the sonicated samples had a higher SFC value,
which was 3.0 ± 0.2% after 60 min of crystallization, indicating HIU increased SFC
values. At the 48 h timepoint, no significant difference in the SFC of the sonicated and
non-sonicated samples was found. However, significant differences were observed for
longer storage times (refer to lower case letters in Fig. 6-1b). An increase of SFC values
in sonicated and non-sonicated samples was observed after the samples were stored for
48 h at 25 °C and these values were maintained as a function of storage time (up to 24
weeks).

Figure 6-1: Solid fat content (SFC, %) of IESBO measured after 60 min of
crystallization at 24 °C with (w HIU) and without (wo HIU) HIU (a), and at 34 °C with
(w HIU) and without (wo HIU) HIU (b) using 20 kHz frequency and after different
storage time period at 25 °C (48 h, 4 weeks, 12 weeks, and 24 weeks) Within each
timepoint mean values with the different lower-case letters are significantly different
(α = 0.05), whereas within each treatment (with or without HIU) mean values with the
different upper letters are significantly different (α = 0.05). Mean value and standard
error of means are reported
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The effect of sonication is to accelerate crystallization at 34 °C as evidenced by
differences observed just after crystallization but these effects become insignificant
during storage at 25 °C. These results indicate that the effect of sonication is more
significant in the samples crystallized at 34 °C than in the samples crystallized at 24
°C. It is possible that changes in the cavitation environment at these two temperatures
are responsible for differences in HIU efficiency. For example, temperature might
affect bubble dynamics that in turn affect the crystallization behavior of the fat. This
concept will be discussed later in the Cavitation section.
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Crystal Morphology and Crystal Size
The microstructure of IESBO crystallized at 24 °C (Fig. 6-2) and 34 °C (Fig. 63) were measured by PLM and crystal sizes were quantified during storage in samples
crystallized with (w) and without (wo) HIU (Table 6-1). From Fig. 6-2 and Table 6-1,
sonicated IESBO samples crystallized at 24 °C had more, smaller, and uniform sized
crystals compared to the non-sonicated ones with average diameters of 1.63 ± 0.10 μm
after 60 min of crystallization. On the other hand, the non-sonicated sample had much
larger, variable, and fewer crystals with average diameters of 37.01 ± 8.16 μm after 60
min of crystallization. During storage, no significant difference in the size and
morphology of crystals of both sonicated and non-sonicated samples was observed
(Table 6-1). For instance, the sonicated sample consisted of fine crystals throughout
storage, and the size of crystals after 24 weeks of storage was 2.14 ± 0.34 μm which
was not significantly different (P > 0.05) from the ones obtained after 60 min of
crystallization. The crystals in non-sonicated sample were characterized by spherulites
and this shape was maintained throughout storage and after 24 weeks of storage the
diameter of the crystals was 33.82 ± 1.89 μm. These results indicate that HIU generated
more, smaller crystals, and that storage did not affect crystal size and morphology when
the sample was crystallized at 24 °C.

Table 6-1: Crystal size (µm) of IESBO crystallized for 60 min at 24 °C and 34 °C with
(w HIU) and without (wo HIU) HIU (20 kHz) and stored at 25 °C for 48 h, 4 weeks, 12
weeks, and 24 weeks
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Diameter (µm)
24 °C
60 min

34 °C

wo HIU

w HIU

wo HIU

w HIU

37.01 ± 8.16aA

1.63 ± 0.10bA

51.52 ± 7.48aC

31.73 ± 2.00bB

48 h
31.53 ± 2.44aA
2.27 ± 0.10bA
79.05 ± 2.90aB
38.10 ± 1.79bA,B
4 weeks
30.46 ± 1.67aA
2.00 ± 0.32bA
83.34 ± 7.95aB
43.47 ± 1.03bA,B
12 weeks 35.24 ± 1.62aA
1.87 ± 0.23bA
96.78 ± 6.60aA,B
47.99 ± 1.31bA
24 weeks 33.82 ± 1.89aA
2.14 ± 0.34bA
83.10 ± 9.34aA
37.50 ± 2.16bA,B
Mean value and standard error are reported. Values with the different lower-case letters
indicate that they are significantly different within each time point (α = 0.05), whereas
values with different upper-case letter indicates that they are significantly different
within each treatment (sonicated and non-sonicated) as a function of storage time (α =
0.05).
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Fig 6-2: Crystal microstructure of IESBO obtained after 60 min of crystallization at 24
°C and after storage at 25 °C for 48 h, 4 weeks, 12 weeks, and 24 weeks with (w HIU)
and without (wo HIU) HIU using 20 kHz frequency. Scale bar in the figure represents
50 μm
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48h

60min
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Figure 6-3: Crystal microstructure of IESBO obtained after 60 min of crystallization
at 34 °C and after storage at 25 °C for 48 h, 4 weeks, 12 weeks, and 24 weeks with (w

34°C

24weeks

12weeks

4weeks

48h

60min

wo HIU

w HIU
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HIU) and without (wo HIU) HIU using 20 kHz frequency. Scale bar in the figure
represents 50 µm
At 34 °C, the IESBO non-sonicated samples showed larger spherulites (51.52 ±
7.48 μm) while the sonicated samples showed needle-like shaped crystals after 60 min
of crystallization (Fig. 6-3, and Table 6-1). Particularly, fewer crystals were detected
after 60 min of crystallization in non-sonicated samples compared to the sonicated
sample crystallized at 34 °C. Kadamne and Martini (2018) showed similar results when
crystallizing IESBO at 29, 34, and 35 °C under various processing conditions where
fewer and larger crystals were observed in the non-sonicated samples as temperature
increased due to a lower supercooling. During storage, crystal size increased in both
sonicated and non-sonicated samples. After 24 weeks of storage, the diameter of nonsonicated sample was 83.10 ± 9.34 μm, and the diameter of sonicated sample was 37.50
± 2.16 μm. Since storage temperature (25 °C) was much lower than the crystallization
temperature (34 °C), the sample continued to crystallize during storage time. These
results show that HIU decreased crystal size of IESBO crystallized at 24 and 34 °C.
The result described well the low SFC value of non-sonicated sample crystallized at 34
°C after 60 min crystallization and the increase in SFC during storage.

Elasticity
Fig. 6-4 shows elastic modulus (G0) values of IESBO crystallized at 24 °C (Fig.
6-4a) and 34 °C (Fig. 6-4b), respectively, when the sample was crystallized with and
without HIU as a function of storage time (up to 24 weeks). Fig. 6-4a shows that there
are significant storage effects for elasticity between treatment scenarios. After 60 min
of crystallization, the G’ of sonicated samples was statistically higher than the non-
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sonicated samples (29,831 ± 3948 Pa and 9936 ± 2505 Pa, respectively, P < 0.05).
However, the G’ value of sonicated sample remained constant during storage while the
G’ of non-sonicated samples decreased after 48 h and then remained constant during
the storage. The non-sonicated samples crystallized at 24 °C and stored at 25 °C showed
slight phase separation during storage time that could explain the decrease in elasticity
of the non-sonicated samples during the storage. In general, our previous research has
not shown any phase separation in non-sonicated samples; however, phase separation
in palm oil samples was previously reported in a few studies (Chen et al., 2013; Martini,
2017).
From Fig. 6-4b, there is no difference between G’ values of the sonicated and
non-sonicated sample after 60 min of crystallization. The difference between the
samples was observed after the sample has been stored at 48 h, 12 weeks, and 24 weeks.
During storage, the G’ value of sonicated sample remained unchanged while the G’
value of non-sonicated sample also remained same but decreased after 12 weeks of
storage. Similar to the result obtained for 24 °C, phase separation was observed during
the sample stored at 25 °C that could explain the decreased in G’ during storage.
The non-sonicated sample crystallized at 24 °C decreased their G’ value quickly during
storage compared to the non-sonicated sample crystallized at 34 °C, indicating that the
sample crystallized at 24 °C had a shorter shelf life. To conclude, HIU-treated samples
remained elastic when crystallized at 24 and 34 °C over the entire time period studied.
It is important to note that even though elasticity values of sonicated samples changed
upon storage, the values were not statistically different (P > 0.05). This change also was
not as pronounced as the one observed for the non-sonicated samples suggesting that
HIU might help maintain the crystalline structure during storage.
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The efficiency of HIU to increase the elasticity of the sample does not seem to
be affected by temperature since similar values were obtained at 24 and 34 °C after 60
min of crystallization.

Figure 6-4: Elasticity (G’, Pa) of IESBO crystallized for 60 min at 24 °C (a) and 34 °C
(b) with (w HIU) and without (wo HIU) HIU (20 kHz) and stored at 25 °C for 48 h, 4
weeks, 12 weeks, and 24 weeks. Within each timepoint mean values with the different
lower-case letters are significantly different (α = 0.05), whereas within each treatment
(with or without HIU) mean values with the different upper letters are significantly
different (α = 0.05). Mean value and standard error of means are reported
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Hardness
The hardness of IESBO samples crystallized at 24 and 34 °C with and without
applied HIU was obtained after storage at 5 °C for 48 h, 4 weeks, 12 weeks, and 24
weeks (Fig. 6-5). Since the samples were too soft to measure the hardness after 60 min
of crystallization, the first measurement was taken after storing the samples at 5 °C for
48 h.
Sonication generates significant difference in hardness of IESBO samples. At
24 °C, the hardness of the sonicated IESBO samples were significantly higher (P <
0.05) than the non-sonicated IESBO samples within each time point (48 h, 4 weeks, 12
weeks, and 24 weeks). The hardness of both sonicated and non-sonicated samples
decreased after 4 weeks of storage time (2.0 ± 0.1 N and 1.3 ± 0.1 N, respectively).
However, these hardness values increased after the samples had been stored for 12
weeks and 24 weeks. The highest hardness was obtained after the sonicated sample had
been stored for 24 weeks (3.0 ± 0.1 N). These results are in accordance with the elastic
properties and microstructure since small crystal size in lipid crystalline network
influences hardness (Ye et al., 2011). Thus, HIU generated harder material in IESBO
and in general, the hardness of the sample slightly decreased or remained constant as a
function of the storage time.
The hardness between sonicated and non-sonicated IESBO crystallized at 34 °C
showed bigger differences compared to the ones crystallized at 24 °C (Fig. 6-5b). After
48 h of storage, the non-sonicated IESBO sample had a hardness value of 1.5 ± 0.2 N
and the hardness did not change with storage time (P > 0.05). In contrast, the sonicated
IESBO sample had a hardness value of 3.4 ± 0.2 N and the hardness did not change
statistically (P > 0.05) throughout storage. The hardness of the lipid system was affected
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by the amounts of crystals (Frydenberg et al., 2013). Since the non-sonicated samples
crystallized at 34 °C had lower level of SFC and fewer crystals, the non-sonicated
samples crystallized at 34 °C had a lower hardness level than the sonicated ones.
Hardness results were somehow comparable to G’ values reported in Fig. 6-4.

Figure 6-5: Hardness (Newton, N) of IESBO measured after storage time period at 5
°C (48 h, 4 weeks, 12 weeks, and 24 weeks). The samples were crystallized for 60 min
at 24 °C with (w HIU) and without (wo HIU) HIU (a), and at 34 °C with (w HIU) and
without (wo HIU) HIU (b) using 20 kHz frequency. Within each timepoint mean values
with the different lower-case letters are significantly different (α = 0.05), whereas
within each treatment (with or without HIU) mean values with the different upper letters
are significantly different (α = 0.05). Mean value and standard error of means are
reported
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These similar tendencies occur because even though samples were stored at different
temperatures (25 °C for G’ and 5 °C for hardness), nucleation occurred at a specific
temperature (24 or 34 °C) suggesting that the nuclei formed during the first 60 min of
crystallization are responsible for the hardness and elasticity of the sample. It is
interesting to note that the effect of HIU is more evident on hardness and not as much
in SFC and melting behavior during storage. This is because hardness is affected by a
combination of physical properties including crystal size and SFC. Perhaps the most
interesting fact is that HIU can be used to achieve the sample hardness level at a
significant lower supercooling, which ultimately results in less energy consumption due
to the cooling of the sample during processing.
Similar to the previous discussion, HIU was more efficient at increasing the
hardness of the sample when used at 34 °C and this behavior could be related to
cavitation events generated during sonication.
Melting Behavior
Table 6-2 shows peak temperature (Tp), onset temperature (Ton), and melting
enthalpy of IESBO crystallized at 24 and 34 °C with and without HIU measured after
60 min of crystallization and after 48 h, 4 weeks, 12 weeks, and 24 weeks storage. Fig.
6-6 shows the melting profile of IESBO measured after 60 min of crystallization at 24
°C without (wo HIU) (Fig. 4-6a) and with (w HIU) HIU (Fig. 6-6b), and at 34 °C
without (wo HIU) (Fig. 6-6c) and with (w HIU) HIU (Fig. 6-6d) using 20 kHz
frequency and after different storage time period at 25 °C (48 h, 4 weeks, 12 weeks,
and 24 weeks).
In general, no effect of HIU was observed on melting characteristics in IESBO
crystallized at 24 °C after 60 min of crystallization and during the storage time (up to
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24 weeks). The only exception was found for the Tp values of the non-sonicated IESBO
samples that were significantly higher than the ones obtained for sonicated samples
after 60 min of crystallization (43.5 ± 0.9 °C and 41.8 ± 0.4 °C, respectively) and no
significant difference was observed in Tp within each time point.

Table 6-2. Onset temperature (Ton, °C), peak temperature (Tp, °C), and melting
enthalpy (H, J g-1) of IESBO crystallization at 24 °C and 34 °C with (w HIU) and
without (wo HIU) HIU (20 kHz) and stored at 25 °C for 48 h, 4 weeks, 12 weeks, and
24 weeks

Ton (°C)

Tp (°C)

H (J g-1)

24 °C wo HIU

Ton (°C)

Tp (°C)

H (J g-1)

24 °C w HIU

60 min

32.5 ± 0.3aA

43.5 ± 0.9bB

6.2 ± 0.5aA

33.3 ± 1.3aA

41.8 ± 0.4aA

6.5 ± 0.4aA

48 h

32.6 ± 0.0aA

40.3 ± 0.2aA

6.7 ± 0.5aA

29.7 ± 1.6aA,B

40.2 ± 0.2aA

7.1 ± 0.3aA

4 weeks

32.2 ± 1.8aA

40.9 ± 0.3aA

7.9 ± 0.4aA

28.3 ± 0.1aB

40.4 ± 0.2aA

7.7 ± 0.3aA

12 weeks

28.7 ± 0.2aA

40.9 ± 0.2aA

7.6 ± 0.5aA

28.6 ± 0.2aA,B

41.2 ± 0.1aA

7.9 ± 0.6aA

24 weeks

31.3 ± 2.0aA

41.6 ± 0.4aA

7.8 ± 0.2aA

30.7 ± 1.6aA,B

41.2 ± 0.2aA

6.6 ± 0.5aA

34 °C wo HIU

34 °C w HIU

60 min

39.1 ± 0.4aA

46.5 ± 1.0bA

1.1 ± 0.2bC

37.2 ± 0.4aA

43.5 ± 0.5aA

4.3 ± 0.4aB

48 h

29.0 ± 0.2bB

47.0 ± 1.2bA

7.3 ± 0.6aA

34.4 ± 1.7aA,B

42.7 ± 0.7aA

7.2 ± 0.3aA

4 weeks

29.4 ± 0.1aB

46.9 ± 1.4bA

4.4 ± 0.8bA,B 30.4 ± 1.6aB

43.42 ± 0.3aA

8.0 ± 0.4aA

12 weeks

31.6 ± 2.4aB

46.2 ± 1.8bA

3.5 ± 0.9bB

29.2 ± 0.2aB

41.4 ± 0.4aA

7.0 ± 0.2aA

24 weeks

32.0 ± 1.7aB

47.1 ± 1.2bA

6.2 ± 0.8aA

30.2 ± 0.2aB

41.9 ± 0.8aA

6.6 ± 0.5aA

Mean value and standard error of means are reported. Values with the different lower-case letters
indicate that they are significantly different within each time point (α = 0.05), whereas values with
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different upper-case letter indicates that they are significantly different within each treatment
(sonicated and non-sonicated) as a function of storage time (α = 0.05).

The Tp value of the non-sonicated samples decreased significantly in the first 48 h of
storage and remained constant during storage, while the Tp value of the sonicated
samples remained constant during storage. The decrease in Tp suggests that
triacylglycerols (TAG) with low melting point that did not crystallize at 24 °C were
crystallized at 25 °C. The crystallization of TAG with lower melting point is evidenced
in Fig. 6-6a where a shoulder is observed at lower temperatures resulting in a broader
melting peak. The melting enthalpies of IESBO samples were not significantly different
within each time points and treatment (with and without HIU) (P > 0.05). The Ton of
both sonicated and non-sonicated IESBO samples remained constant during the 24
weeks of storage time. From these results, HIU does not act as an efficient tool to
change the melting characteristics of IESBO samples crystallized at 24 °C presumably
because of the heat in this case. The results are supported by the SFC results described
previously.

Figure 6-6: Melting profile of IESBO measured after 60 min of crystallization at 24 °C
without (wo HIU) (a) and with (w HIU) HIU (b), and at 34 °C without (wo HIU) (c)
and with (w HIU) HIU (d) using 20 kHz frequency and after different storage time
period at 25 °C (48 h, 4 weeks, 12 weeks, and 24 weeks)

163

a

-1

48 h
4 weeks

-2

12 weeks
-3

24 weeks

-4
-5
20

30

40

50

0

60 min

Heat flow (W g-1)

Heat flow (W g-1)

0

4 weeks
12 weeks

-2

24 weeks
-3

30

Temperature (C)

-1

0

48 h

-2

4 weeks

-3

12 weeks
24 weeks

-4
-5
40

Temperature (C)

50

60

50

60

d

60 min
Heat flow (W g-1)

Heat flow (W g-1)

c

30

40

Temperature (C)

0

-6
20

60 min
48 h

-1

-4
20

60

b

-1

60 min
48 h

-2

4 weeks

-3

12 wekks
24 weeks

-4
-5
-6
20

30

40

50

60

Temperature (C)

At 34 °C, the Tp of non-sonicated IESBO samples were significantly higher than
the sonicated samples at each time-point during storage (P < 0.05) and these values did
not change during storage for up to 24 weeks. There was no difference in Ton between
sonicated and non-sonicated samples after 60 min of crystallization. The Ton of
sonicated and non-sonicated samples decreased slightly during storage at 25 °C;
however, these values were not statistically different (P > 0.05). The melting enthalpy
of samples crystallized at 34 °C was affected by sonication and storage. At 34 °C, the
lowest melting enthalpy (1.1 ± 0.2 J g−1) was obtained after 60 min of crystallization
without HIU because of small amount of crystalline material generated at this high
crystallization temperature. The sonicated samples showed melting enthalpy values of
4.3 ± 0.4 J g−1 after 60 min crystallization, which was higher (P < 0.05) than the non-
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sonicated samples since HIU induced more crystals in the samples. The melting
enthalpy of non-sonicated samples increased after 48 h and 24 weeks of storage;
however, the enthalpy value decreased after 4 weeks and 12 weeks of storage time. This
variation in melting enthalpy can be explained by the phase separation observed in these
samples and previously discussed in the elasticity section. Compared to the melting
enthalpy value of non-sonicated samples, the enthalpy value of the sonicated samples
was not statistically different during the storage time (P > 0.05).
The two different crystallization temperatures provide different results in
melting enthalpy of IESBO in Fig. 6-6. For instance, the difference between the nonsonicated and the sonicated sample crystallized at 24 °C (Fig. 6-6a, b) had a similar
melting profile after 60 min of crystallization and during storage period. On the other
hand, a greater effect of sonication and storage time was obtained for samples
crystallized at 34 °C. In Fig. 6-6c, the melting profile of non-sonicated sample
crystallized at 34 °C had a marked shoulder after 24 weeks of storage while the
sonicated samples crystallized at 34 °C had a shoulder at lower temperatures after 48 h
and increased as a function of storage time (Fig. 6-6d, black arrow). Overall, lower
melting enthalpies were obtained in non-sonicated samples crystallized at 34 °C but
this enthalpy value could be enhanced by using HIU. The presence of the shoulder at
lower temperatures suggests that the crystalline network is formed by lower melting
point triacylglycerols, which presumably is because of sonication. Similar results were
reported by da Silva et al. (2020).
Similar to the results found for SFC and hardness, HIU was more efficient at
changing the melting behavior of the sample when used at higher temperatures, in this
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case, 34 °C. Therefore, it is important to characterize cavitation events generated during
sonication to evaluate if these play a role in the changes observed in the fat.

Cavitation
Figs. 6-7 and 6-8 show the hydrophone and laser scattering data obtained during HIU
application at temperatures of 24 and 34 °C, respectively. Previous studies (Birkin et
al., 2017, 2019) showed that during sonication a cluster of bubbles is formed closed to
the tip with a streamer of bubbles that move away from the tip are generated. Cavitation
clusters forming and collapsing at various periodicities in oil systems were studied and
results showed that these clusters oscillate at a specific frequency and periodicity
depending on the levels of HIU amplitude (power level). In this research, our hypothesis
was that the dynamics of cavitation clusters observed at 34 °C could be different to the
ones observed at 24 °C and that these differences could be responsible for the changes
in the physical properties of the samples after 60 min crystallization and during the
sample stored for 24 weeks. Perhaps, due to the lower viscosity of the sample at 34 °C
higher periodicities of collapse of the cluster would have been expected.
Fig. 6-7a shows the hydrophone signal obtained during sonication and for 5 s after HIU
treatment was stopped. No activity was observed after HIU was stopped suggesting that
no cluster collapse occurs. This figure showed that the hydrophone signal decreased
over time during the sonication (10 s) with values decreasing from approximately 8 to
1.5 V. This is presumably due to additional acoustic effects associated with the
crystallization process (for example, extra absorption of the acoustic waves due to
bubbles and crystal formation). However, further experimental investigation is required
to elucidate the exact cause of this phenomenon. A section of the hydrophone data (Fig.
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6-7b) showed a repeating pressure pulse occurring every 350 μs and the FFT analysis
data (Fig. 6-7c) showed an f/7 cluster with six subharmonic bands in addition to the
fundamental drive frequency (20 kHz). These results were consistent with the laser data
(Fig. 6-7d) which displayed the same cluster periodicity (350 μs) as the hydrophone
data (Fig. 6-7b). An increase in the laser photodiode (PD) signal (Fig. 6-7e) was
observed after HIU was turned off. This is likely to be a result of the removal of bubbles
through buoyancy forces and the non-opaque nature of the media under these
conditions.
Fig. 6-8a shows the hydrophone signal, recorded within a sonicated IESBO
sample at 34 °C. Again, this showed a decrease over the 10 s HIU exposure. However,
at this reduced supercooling condition, the reduction in the signal appears less dramatic
in comparison to the 24 °C data set. Fig. 6-8b shows a region of the data set indicating
that a periodicity of 350 μs in agreement with the results shown in Fig. 6-7. These
results showed that the number of subharmonics generated during sonication were not
affected by the temperature of the samples and that the number of subharmonics is only
dependent on the power level employed as previously shown by Birkin et al. (2017,
2019).

Figure 6-7: Hydrophone signal (a and b) and laser scattering signal (from the
photodiode (PD)) (d and e) data were collected during HIU treatment in IESBO (Tsample
= 24 °C) using 216 µm peak-to-peak amplitude for 10 s and at the end of the cavitation
period for a further 5 s. FFT analysis (c) was obtained from the hydrophone data
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Figure 6-8: Hydrophone signal (a and b) and laser scattering signal from the
photodiode (PD) (d and e) data were collected during HIU treatment in IESBO (Tsample
= 34 °C) using 216 µm for 10 s and at the end of the cavitation period for 5 s. FFT
analysis (c) was obtained from the hydrophone data
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Fig. 6-8c shows the FFT analysis of the data confirming an f/7 cluster was
generated as was the case for the results shown in Fig. 6-7 (24 °C). Fig. 6-8d shows the
concomitant PD signal from the laser scattering measurement. Here the PD signal
shows a slower reduction in amplitude (see Fig. 6-8e for a snapshot) over the 10 s HIU
exposure compared to the same experiment performed at 24 °C. This is presumably
because of the altered crystallization kinetics at the two temperatures. At 24 °C, the PD
signal is rapidly attenuated because of the effect of HIU on the media (crystal
fragmentation etc.) and the greater supercooling value. This causes the PD signal to be
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rapidly attenuated at the lower temperature in comparison to the same measurement at
34 °C (Fig. 6-8d) where, although crystal fragmentation may still occur, the rate of the
crystallization process is also reduced by the lower supercooling conditions employed.
Overall, no differences in the cluster dynamics were observed in samples
sonicated at 24 and 34 °C. This suggests that changes in the cluster dynamics are not
directly associated with the effect of HIU on these systems (i.e., the changes in the
crystallization behavior and the resultant physical properties of the materials). Other
factors such as the effects of the generated bubble population present in the streamer,
the shear forces present, and the high (shock) pressures generated during sonication
should be explored in the future.

CONCLUSION

This study showed that HIU increased the number of crystals and decreased
crystal size in IESBO sample. Harder and more elastic materials were generated by HIU
when the samples were crystallized at 24 and 34 °C and stored up to 24 weeks. The
value of SFC, elasticity, and hardness in sonicated samples crystallized at 24 and 34 °C
were maintained during the storage period while these values for non-sonicated samples
crystallized at 24 and 34 °C decreased or increased during storage. Changes in physical
properties were more pronounced when the sample was crystallized at 34 C due to
lower supercooling compared to the sample crystallized at 24 °C. From the cavitation
and bubble dynamic experiments, the periodicity of cluster formation during sonication
in an interesterified soybean oil was not affected by crystallization temperature under
the conditions employed. This indicates that changes in the physical properties of the
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fat caused by sonication at different temperatures were not directly associated with
changes in the cluster environment.
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CHAPTER 7

SUMMARY AND CONCLUSION

The dissertation evaluated the effect of HIU on cavitation, oxidation, and
physical properties of edible lipids using different HIU conditions and storage
temperatures. The first experiment of this dissertation evaluated oxidative stability and
the degree of oxidation of soybean oil using varied sonication process conditions
(Chapter 3). Results showed no changes in the degree of oxidation were observed when
sonicated samples were analyzed by peroxide value (PV), Rancimat test, and
headspace-solid phase microextraction gas chromatography-mass spectrometry (HSSPME/GC-MS). In particular, the highest concentration of volatile compounds was not
high to be considered as oxidized even though the samples were sonicated with the HIU
condition using 3.2mm of tip size with a high power level (setting 9) for 60 s, which
was reported to have the highest power intensity among the sonication conditions
(Chapter 3). Typically, HIU is applied to lipid systems by using high-power levels
(setting 9; 216 µm peak-to-peak amplitude) with very short pulse durations (10 s) to
improve their physical properties; therefore, HIU may be used as a processing tool to
change the physical properties of edible lipids without affecting oxidative degradation.
The studies on the impact of HIU on physical properties and oxidative stability
of structured lipids (SLs) modified with menhaden oil with caprylic and/or stearic acid
using lipase showed that HIU improved the physical properties without affecting
oxidation (Chapter 4). Low power (level 1;6 W and level 2; 12 W) and short pulse
duration (10 s) of HIU were applied during the 90min of the crystallization process.
The results showed that the effect of HIU on SLs was significant on the physical
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properties, including G’, melting behavior, and crystal microstructure, particularly in
LS 30 (menhaden oil with 30 % of stearic acid) due to the amount of saturated fatty
acids. Overall, the study shows evidence that HIU may be used as a potential processing
tool to improve the physical properties of SLs with high levels of omega-3 fatty acids
and with low levels of saturated fatty acids. Structured lipids generally have excellent
nutritional and functional properties. Even though the lipids have improved nutritional
and functional properties, they still have a problem to use in the food industry, lack of
physical properties. Based on our previous research in our laboratory, we confirmed
that sonication significantly improves the physical properties of several lipids; hence,
sonication may be used as a processing tool to change the physical properties of the
structured lipids. This information can be considered useful for food formulators who
work with structured lipids and want to improve the physical properties of the lipids.
In the third set of experiments, all-purpose shortening (APS) (Palm-base
shortening) was sonicated and stored at 5 °C and 25 °C for up to 6 months (Chapter 5).
HIU effectively improved the physical properties of the samples such as solid fat
content (SFC), melting behavior, G’, and G”. Small and uniform crystals were produced
as well. During the storage, the difference between sonicated and non-sonicated APS
was statistically different; however, the difference did not maintain after long-term
storage. In G’ result, we could confirm that sonicated samples reached equilibrium
faster than the non-sonicated sample since the same G’ value in sonicated APS obtained
after 60 min of crystallization was reported in non-sonicated APS after 12 weeks of
storage. The high G’, G”, hardness and SFC were determined in APS stored at 5 °C
was determined, suggesting the effect of storage temperature was predominant when
APS was stored at 5 °C than 25 °C.
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Generally, palm oil has been used as an alternative to partially hydrogenated
oils because it is high in saturated fatty acids compared to other plant-based oils,
providing desired properties to make food products such as baked products. However,
the main problem of using the lipid in food products is that it crystallizes slowly and
continues to crystallize after manufacture. The research has proved that the use of HIU
on palm-based shortening improved its physical properties, crystallized faster, and
maintained its physical properties during long-term storage at 25 °C and 5 °C, which
will help to improve food products.
The study in Chapter 6 showed the effect of cavitation on the physical properties
of sonicated and non-sonicated interesterified soybean oil (IESBO) crystallized at two
different temperatures (24 °C and 34 °C). The samples were stored at 25 ° for up to 6
months and physical properties were measured. Our results showed that IESBO
crystallized at high temperature (34 °C) showed more pronounced changes due to
sonication in physical properties such as SFC, crystal microstructure and melting
profile due to its lower supercooling compared to the IESBO crystallized at a lower
temperature (24 °C). The sonicated IESBO crystallized at 24 °C and 34 °C maintained
their physical properties during storage, whereas the physical properties of the nonsonicated IESBO crystallized at 24 °C and 34 °C either decrease or increase during the
long-term storage. There was no difference in cavitation clusters between the IESBO
crystallized at 24 °C and 34 °C, suggesting changes in physical properties at different
crystallization temperatures were not directly related to changes in the cluster
dynamics.
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In summary, the results shown in this work provide evidence that HIU affects
the crystallization behavior and physical properties of edible lipids, especially IESBO,
APS, and SLs in terms of SFC, crystal microstructure, G’, G’’, and hardness. Moreover,
bubble (cluster) dynamic was not affected by crystallization temperature. With various
sonication conditions, the results of PV, Rancimat, and volatile compound analysis
showed there was no evidence of oxidative deterioration.
The main impact of this research is that food producers can use an additional
processing tool to improve the physical properties of healthier fats without altering their
oxidation stability. In addition, the research has shown that the improvements in
physical properties in shortenings caused by HIU are not lost during storage. Although
previous research in our laboratory has shown that HIU effectively improves the
physical properties of various lipids, it is still unknown how cavitation affects the
physical characteristics of the lipid system. Therefore, future research in this area
should include incorporating sonicated shortenings in food products and evaluate their
performance during processing. Moreover, further research that evaluates cavitation
processes in lipids should be studied to predict how various sonication conditions would
affect physical properties.
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granted in the license. Permission is granted subject to an appropriate
acknowledgement given to the author, title of the material/book/journal and the
publisher. You shall also duplicate the copyright notice that appears in the Wiley
publication in your use of the Wiley Material. Permission is also granted on the
understanding that nowhere in the text is a previously published source
acknowledged for all or part of this Wiley Material. Any third party content is
expressly excluded from this permission.

•

With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and
no derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner. For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only,
the terms of the license are extended to include subsequent editions and for
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editions in other languages, provided such editions are for the work as a whole
in situ and does not involve the separate exploitation of the permitted figures
or extracts, You may not alter, remove or suppress in any manner any copyright,
trademark or other notices displayed by the Wiley Materials. You may not license,
rent, sell, loan, lease, pledge, offer as security, transfer or assign the Wiley Materials
on a stand-alone basis, or any of the rights granted to you hereunder to any other
person.
•

The Wiley Materials and all of the intellectual property rights therein shall at all
times remain the exclusive property of John Wiley & Sons Inc, the Wiley
Companies, or their respective licensors, and your interest therein is only that of
having possession of and the right to reproduce the Wiley Materials pursuant to
Section 2 herein during the continuance of this Agreement. You agree that you own
no right, title or interest in or to the Wiley Materials or any of the intellectual
property rights therein. You shall have no rights hereunder other than the license as
provided for above in Section 2. No right, license or interest to any trademark, trade
name, service mark or other branding ("Marks") of WILEY or its licensors is
granted hereunder, and you agree that you shall not assert any such right, license or
interest with respect thereto

•

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE
MATERIALS OR THE ACCURACY OF ANY INFORMATION CONTAINED
IN THE MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

•

WILEY shall have the right to terminate this Agreement immediately upon breach
of this Agreement by you.

•

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any
breach of this Agreement by you.

•

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY,

193

TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING,
WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA,
FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES),
AND WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY
NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY
LIMITED REMEDY PROVIDED HEREIN.
•

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this
Agreement shall not be affected or impaired thereby.

•

The failure of either party to enforce any term or condition of this Agreement shall
not constitute a waiver of either party's right to enforce each and every term and
condition of this Agreement. No breach under this agreement shall be deemed
waived or excused by either party unless such waiver or consent is in writing signed
by the party granting such waiver or consent. The waiver by or consent of a party to
a breach of any provision of this Agreement shall not operate or be construed as a
waiver of or consent to any other or subsequent breach by such other party.

•

This Agreement may not be assigned (including by operation of law or otherwise)
by you without WILEY's prior written consent.

•

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

•

These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you
and WILEY concerning this licensing transaction and (in the absence of fraud)
supersedes all prior agreements and representations of the parties, oral or written.
This Agreement may not be amended except in writing signed by both parties. This
Agreement shall be binding upon and inure to the benefit of the parties' successors,
legal representatives, and authorized assigns.

•

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and
conditions, these terms and conditions shall prevail.

•

WILEY expressly reserves all rights not specifically granted in the combination of
(i) the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
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•

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

•

This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules.
Any legal action, suit or proceeding arising out of or relating to these Terms and
Conditions or the breach thereof shall be instituted in a court of competent
jurisdiction in New York County in the State of New York in the United States of
America and each party hereby consents and submits to the personal jurisdiction of
such court, waives any objection to venue in such court and consents to service of
process by registered or certified mail, return receipt requested, at the last known
address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY)
License only, the subscription journals and a few of the Open Access Journals offer a
choice of Creative Commons Licenses. The license type is clearly identified on the article.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and nonCreative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)
Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
Use by commercial "for-profit" organizations
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
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Further details can be found on Wiley Online
Library http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
Table 4-2
JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS
Jul 08, 2021

This Agreement between Juhee Lee ("You") and John Wiley and Sons ("John Wiley and
Sons") consists of your license details and the terms and conditions provided by John Wiley
and Sons and Copyright Clearance Center.
License Number
License date
Licensed Content Publisher

5104430454354
Jul 08, 2021
John Wiley and Sons
JOURNAL OF THE AMERICAN OIL CHEMISTS'
Licensed Content Publication
SOCIETY
Enzymatic Modification of Menhaden Oil to Incorporate
Licensed Content Title
Caprylic and/or Stearic Acid
Licensed Content Author
Sarah A. Willett, Silvana Martini, Casimir C. Akoh
Licensed Content Date
May 28, 2019
Licensed Content Volume
96
Licensed Content Issue
7
Licensed Content Pages
15
Type of use
Dissertation/Thesis
Requestor type
University/Academic
Format
Print and electronic
Portion
Figure/table
Number of figures/tables
1
Will you be translating?
No
Title
Graduate Student
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Institution name
Expected presentation date
Portions

Utah State University
Aug 2021
Table 3
Juhee Lee
560 E 200 N
APT 2

Requestor Location

Publisher Tax ID
Total
Terms and Conditions

LOGAN, UT 84321
United States
Attn: Juhee Lee
EU826007151
0.00 USD
TERMS AND CONDITIONS

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc.
or one of its group companies (each a"Wiley Company") or handled on behalf of a society
with which a Wiley Company has exclusive publishing rights in relation to a particular
work (collectively "WILEY"). By clicking "accept" in connection with completing this
licensing transaction, you agree that the following terms and conditions apply to this
transaction (along with the billing and payment terms and conditions established by the
Copyright Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at
the time that you opened your RightsLink account (these are available at any time
at http://myaccount.copyright.com).

Terms and Conditions
•

The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.

•

You are hereby granted a personal, non-exclusive, non-sub licensable (on a standalone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a onetime use only and limited to any maximum distribution number specified in the
license. The first instance of republication or reuse granted by this license must be
completed within two years of the date of the grant of this license (although copies
prepared before the end date may be distributed thereafter). The Wiley Materials
shall not be used in any other manner or for any other purpose, beyond what is
granted in the license. Permission is granted subject to an appropriate
acknowledgement given to the author, title of the material/book/journal and the
publisher. You shall also duplicate the copyright notice that appears in the Wiley
publication in your use of the Wiley Material. Permission is also granted on the
understanding that nowhere in the text is a previously published source
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acknowledged for all or part of this Wiley Material. Any third party content is
expressly excluded from this permission.
•

With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and
no derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only,
the terms of the license are extended to include subsequent editions and for
editions in other languages, provided such editions are for the work as a whole
in situ and does not involve the separate exploitation of the permitted figures
or extracts, You may not alter, remove or suppress in any manner any copyright,
trademark or other notices displayed by the Wiley Materials. You may not license,
rent, sell, loan, lease, pledge, offer as security, transfer or assign the Wiley Materials
on a stand-alone basis, or any of the rights granted to you hereunder to any other
person.

•

The Wiley Materials and all of the intellectual property rights therein shall at all
times remain the exclusive property of John Wiley & Sons Inc, the Wiley
Companies, or their respective licensors, and your interest therein is only that of
having possession of and the right to reproduce the Wiley Materials pursuant to
Section 2 herein during the continuance of this Agreement. You agree that you own
no right, title or interest in or to the Wiley Materials or any of the intellectual
property rights therein. You shall have no rights hereunder other than the license as
provided for above in Section 2. No right, license or interest to any trademark, trade
name, service mark or other branding ("Marks") of WILEY or its licensors is
granted hereunder, and you agree that you shall not assert any such right, license or
interest with respect thereto

•

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE
MATERIALS OR THE ACCURACY OF ANY INFORMATION CONTAINED
IN THE MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

•

WILEY shall have the right to terminate this Agreement immediately upon breach
of this Agreement by you.
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•

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any
breach of this Agreement by you.

•

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY,
TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING,
WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA,
FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES),
AND WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY
NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY
LIMITED REMEDY PROVIDED HEREIN.

•

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this
Agreement shall not be affected or impaired thereby.

•

The failure of either party to enforce any term or condition of this Agreement shall
not constitute a waiver of either party's right to enforce each and every term and
condition of this Agreement. No breach under this agreement shall be deemed
waived or excused by either party unless such waiver or consent is in writing signed
by the party granting such waiver or consent. The waiver by or consent of a party to
a breach of any provision of this Agreement shall not operate or be construed as a
waiver of or consent to any other or subsequent breach by such other party.

•

This Agreement may not be assigned (including by operation of law or otherwise)
by you without WILEY's prior written consent.

•

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

•

These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you
and WILEY concerning this licensing transaction and (in the absence of fraud)
supersedes all prior agreements and representations of the parties, oral or written.
This Agreement may not be amended except in writing signed by both parties. This
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Agreement shall be binding upon and inure to the benefit of the parties' successors,
legal representatives, and authorized assigns.
•

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and
conditions, these terms and conditions shall prevail.

•

WILEY expressly reserves all rights not specifically granted in the combination of
(i) the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.

•

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

•

This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules.
Any legal action, suit or proceeding arising out of or relating to these Terms and
Conditions or the breach thereof shall be instituted in a court of competent
jurisdiction in New York County in the State of New York in the United States of
America and each party hereby consents and submits to the personal jurisdiction of
such court, waives any objection to venue in such court and consents to service of
process by registered or certified mail, return receipt requested, at the last known
address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY)
License only, the subscription journals and a few of the Open Access Journals offer a
choice of Creative Commons Licenses. The license type is clearly identified on the article.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and nonCreative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)
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Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
Use by commercial "for-profit" organizations
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
Further details can be found on Wiley Online
Library http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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CURRICULUM VITAE
Juhee Lee

EDUCATION
Utah State University – Logan, Utah
Ph.D. Food Science
May 2021
• Research title: Effect of high-intensity ultrasound on bubble dynamics, oxidation,
and crystallization behavior of fats
B.S. Food Science

May 2017

WORK & RESEARCH EXPERIENCE
Nutrition, Dietetics, & Food Science, Utah State University, Logan, UT
Graduate Researcher
May 2017- Current
• Area of expertise: Applying high-intensity ultrasound on edible lipids
(interesterified soybean oil (IESBO), all-purpose shortening (APS), and fish oil)
and evaluating their crystallization behavior, physical properties, oxidative
stability, and bubble dynamic
• Trained other students on how to operate various analytical instruments, which
include(s) Rancimat, rheometer, p-NMR, texture profile analyzer, polarized light
microscopes, differential scanning calorimetry, and spectrophotometer
• Collaborated with several industrial partners to support ongoing projects
involving the crystallization behaviors and physical properties of lipids
• Wrote and published research paper including interpretation and evaluation to
present information in a clear and methodical manner
Nutrition, Dietetics, & Food Science, Utah State University, Logan, UT
Teaching Assistant (Sensory Evaluation of Food)
Spring 2018, 2019
• Coordinated laboratory section of sensory evaluation course for
undergraduate/graduate students weekly
• Facilitated organized and detailed labs for students to further develop their
understanding of the curriculum
Nutrition, Dietetics, & Food Science, Utah State University, Logan, UT
FSC (Food Science Club) Secretary
May 2017- December 2018
• Organizing club events and reporting monthly newsletters to other members
Nutrition, Dietetics, & Food Science, Utah State University
Undergraduate researcher
June 2016- May 2017
Conducted
crystallization
research
with
interesterified
soybean
oil, and chocolate
•
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Nestle R&D, Bakersfield, CA
Summer Intern
June 2019- September 2019
• Support team projects: performed product development and analytical work
• Used several analytical techniques to perform tasks in a timely manner
AWARDS AND SCHOLARSHIP
• AOCS Edible Applications Technology Division Student Excellence Award
(Spring 2021)
• Dr. Niranjan R. Gandhi and Mrs. Josephine N Gandhi Scholarship (August 2019 –
May 2020)
• A tuition award from the College of Agriculture and Applied Sciences (Spring
2019)
• Pennsylvania Manufacturing Confectioners’ Association Student outreach
program, Awardee (2019)
PUBLICATIONS
1. Silva, R.C., Lee, J., Gibon, V., and Martini, S., “Effects of High Intensity
Ultrasound Frequency and High-Speed Agitation on Fat Crystallization,” Journal of
the American Oil Chemists' Society, August 2017, Volume 94, Issue 8, pp 1063–
1076.
2. Lee, J., Silva, R.C., Gibon, V., and Martini, S., “Sonocrystallization of
Interesterified Soybean Oil: Effect of Saturation Level and Supercooling,” Journal of
Food Science. Apr 2018, Volume 83, Issue 4, pp 902-910.
3. da Silva, T., Cooper, Z., Lee, J., Gibon, V., and Martini, S., “Tailoring crystalline
structure using high-intensity ultrasound to reduce oil migration in a low saturated
fat”. Journal of the American Oil Chemists' Society, Jan 2020, Volume 97, Issue 2, pp
141–155.
4. Chikhoune, A., Shashkov, M., Piligaev, A. V., Lee, J., Boudjellal, A., and Martini,
S. “Isothermal crystallization of palm oil-based fats with and without the addition of
essential oils”. Journal of the American Oil Chemists' Society, June 2020, Volume 97,
Issue 8, pp 861-878.
5. Lee, J., Youngs, J., Birkin, P., Truscott, T., and Martini, S. “Potential Effect of
Cavitation on the Physical Properties of Interesterified Soybean Oil Using High‐
Intensity Ultrasound: A Long‐Term Storage Study”. Journal of the American Oil
Chemists' Society. August 2020, Volume 97, Issue 10, pp 1105-1117.
6. Lee, J., Marsh, M., and Martini, S. “Effect of storage time on physical properties of
sonocrystallized all‐purpose shortening”. Journal of Food Science, September 2020,
Volume 85, Issue 10, pp 3391-3399.
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7. Youngs, J. J., Birkin, P. R., Lee, J., Truscott, T. T., and Martini, S. “Enhanced
crystallisation kinetics of edible lipids through the action of a bifurcated streamer”.
Analyst, July 2021.

PRESENTATIONS AT CONFERENCES
1. “Sonocrystallization of interesterified soybean oil in high oleic sunflower oil:
Effects of chemical composition, sonication power and duration”, American Oil
Chemists’ Society Annual Meeting, April 2017 (Poster presentation).
2. “High intensity ultrasound and bubble dynamics does not affect the oxidative
stability of soybean oil”, American Oil Chemists’ Society Annual Meeting, May 2018
(Poster presentation).
3. “Effect of storage time on physical properties of sonocrystallized all-purpose
shortening”, American Oil Chemists’ Society Annual Meeting, May 2019 (Oral
presentation).
4. “Effect of High Intensity Ultrasound on Cavitation and Physical Properties of
Interesterified Soybean Oil”, American Oil Chemists’ Society Annual Meeting, April
2020 (Poster presentation)
5. “Impact of high intensity ultrasound on physiochemical properties and oxidative
stability of enzymatically modified menhaden oil with caprylic acid and/or stearic
acid”, American Oil Chemists’ Society Annual Meeting, April 2021 (Oral
presentation)

TEACHING EXPERIENCE
Utah State University
NDFS 5100/6100 Sensory Evaluation of Food Laboratory Spring 2018 & 2019

